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FOREWORD 


The analytical theory of semi-groups is a recent addition to the ever-growing list of 
mathematical disciplines. It was my good fortune to take an early interest in this disci- 
pline and to see it reach maturity. It has been a pleasant association: I hail a semi -group 
when I see one and I seem to see them everywhere! Friends have observed, however, that 
there are mathematical objects which are not semi -groups. 

The present book is an elaboration of my Colloquium Lectures delivered before the 
American Mathematical Society at its August, 1944 meeting at Wellesley College. I wish 
to thank the Society and its officers for their invitation to present and publish these lectures. 

The book is divided into three parts plus an appendix. My desire to give a practically 
self-contained presentation of the theory required the inclusion of an elaborate introduc- 
tion to modern functional analysis with special emphasis on function theory in Banach 
spaces and algebras. This occupies Part One of the book and the Appendix; these portions 
can bo read separately from the rest and may be used as a text in a course on operator 
theory. It is possible to cover most of the material in these six chapters in two terms. 

The analytical theory of one-parameter semi-groups occupies Part Two while Part 
Three deals with the applications to analysis. The latter include such varied topics as 
trigonometric series and integrals, summability, fractional integration, stochastic theory, 
and the problem of Cauchy for partial differential equations. In the general theory the 
reader will also find an alternate approach to ergodic theory. All semi-groups studied in 
this treatise are referred to a normed topology; semi-groups without topology figure in a 
few places but no details are given. The task of developing an adequate theory of trans- 
formation semi-groups operating in partially ordered spaces is left to more competent 
hands. 

The literature has been covered rather incompletely owing to recent war conditions and 
to the wide range of topics touched upon, which have made it exceedingly difficult to give 
the proper credits. 

This investigation has been supported by grants from the American Philosophical Society 
and from Yale University which are gratefully acknowledged. On the personal side, it 
is a great pleasure to express my gratitude to the many friends who have aided me in pre- 
paring this book. J. D. Tamarkin, who read and criticized my early work in the field and 
who vigorously urged its inclusion in the Colloquium Series is beyond the reach of my grati- 
tude. I am deeply indebted to Nelson Dunford and to Max Zorn who have contributed 
extensively to the book, the former chiefly to Chapters II, III, V, VIII, IX, and XIV, the 
latter to Chapters IV, VII, and XXII. Both have given me generously of their time and 
special experience. Various portions of the manuscript have been critically examined and 
amended by Warren Ambrose, E. G. Begle, H. Cramdr, J. L. Doob, W. Feller, N. Jacobson, 
D. S. Miller, 11. Pollard, C. E. Rickart, and I. E. Segal. To all helpers, named and un- 
named, I extend my warmest thanks, 

Einab Hille 

New Haven, Conn., 

December, 1946 
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CONVENTIONS 


Each Part of the book starts with a Summary, each Ciiapter with an Orientation. The 
chapters are divided into sections and the sections, except orientations, are grouped into 
paragraphs. Cross references are normally to sections, rarely to paragraphs. Section 
3,10 is the tenth section of Chapter III; it belongs to §2 which is referred to as §3.2 when 
necessary. The page headings show the numbers of the current section and paragraph, 
the integral part of the former is the number of the chapter. Definitions, formulas, lemmas, 
and theorems are numbered within each section; thus Theorem 9.4.2 is the second theorem 
in section 9.4. References to the literature give the author’s name followed by numerals 
in brackets referring to his book or paper by that number in the Bibliography at the close 
of the book. Such references are given in the text when needed; collected references for 
a whole chapter occur after the orientation to the chapter in question except in the case 
of chapters with heterogeneous subject matter when they arc given at the end of each 
paragraph. There is a list of special symbols following the Index at the end of the book. 
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PART ONE 

FUNCTIONAL ANALYSIS 

Summary. The first part of these Colloquium Lectures is devoted to a brief 
exposition of some of the basic ideas of modern functional analysis. There are 
five chapters entitled: Abstract Spaces, Linear Operations, Vector Valued Func- 
tions, Functions on Vectors to Vectors, and Analysis in Banach Algebras, 

We start with a description of the topological and algebraical properties of the 
spaces to be considered later and proceed to a discussion of linear operations on 
one such space to another. The function theory proper starts in Chapter III 
where we are concerned with functions of real or complex variables, having their 
range in a Banach space; in Chapter IV the discussion turns to (analytic) func- 
tions having domain and range in complex Banach spaces. Finally in Chapter V 
either the domain or the range or both belong to a Banach algebra. For the 
algebraic side of the theory of Banach algebras as well as for further complements 
of the analytical theory, the reader is referred to the Appendix, Chapter XXII, 
Notes on Banach Algebras. 
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CHAPTER I 
ABSTRACT SPACES 


1.1. Orientation. This chapter is intended to give a brief review of the 
basic notions in the theory of abstract spaces which will be needed in the fol- 
lowing. The material is grouped under four paragraph headings; Topological 
Concepts, Additive Spaces, Linear Spaces, and Algebraic Spaces, The abstract 
spaces occurring in this treatise normally have a definite algebraic structure 
in addition to being topological spaces of one type or another. This fact under- 
lies the choice of the headings. As practically all the material is taken from 
current literature, proofs are usually omitted. The reader who needs further 
explanations is referred to the literature quoted at the end of the paragraphs. 


1. Topological Concepts 

1.2. Closure. Let X be an abstract space, that is, a set whoso elements x, y, 

• • • are called points. X, Y, Xa are subsets of X; the symbols X U Y and 
denote umions, XflY and n«A"« intersections of the sets occurring in the symbols. 
X and Y are disjoint if X fl F = 0, the empty set. The complement of X with 
respect to H is denoted by 1C. 

A closure topology is introduced in H by ordering to eveiy set A"" in ^ a set A", 
called tlie closure of X, subject to the conditions: 

Cl . TUf - A U Y, 

C 2 . 1 = X, 

Cs . X = X if X is empty or is a single point. 

Jc is then said to be a topological space in the sense of Kura(<owski or a Ti-space 
in the sense of Alexandroff-Hopf, The axioms go back to M. Fr^chet and 
F. Riesz. 

The postulates imply that X C X. If X = X, the set X is closed, it is open 
if t is closed. Closed sets have a closed intersection, open sets an open union. 
The union of a countable number of closed sets is called a set , the inter- 
section of a countable number of open sets a set (rs . An open set containing 
the point x is called a neighborhood of x and is denoted by N{x) or Nx . The 
union of all open sets in X is the interior of X, denoted by Int {X) . If x f 
Int (X), then x is an interior point of A". The boundary of X is the intersection 
of the closures of X and of X. 
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The point is a limit point of the set X if every N{xq) contains infinitely 
many points of X. The set X' of limit points of X is called the derived set of 
X and X - X U X'. X is closed if X' C X, dense in itself if X' 3 X, perfect 
if X' = X. 

A set X is dense in X if X = dense in F if T C A” fl X is a separable 
set if there is a countable set which is dense in X. In particular, 36 is a separable 
space y. there is a countable set which is dense in 96. X is nowhere dense if 
Int(X) = 0. 

X is of the first category in 36 if X is the union of a countable number of sets 
each of which is nowhere dense in 36, otherwise X is of the second category. It 
is of the first category at the point x if there exists a neighborhood N(x) such that 
N{x) n X is of the first category. It is of the second category at xii N{x) fl X 
is of the second category for every neighborhood N{x) of x. The set of points 
of 96 where a given set X is of the second category will be denoted by D(X). 
We have D(X) = 0 if and only if X is of the first category. The operation D 
is additive and idempotent^ that is, 

D(XUF) = D(X)UZ)(F), D[D{X)] = D{X). 

Finally, Z>(X) is closed^ contained in the closure of X, and equals the closure of 
its own interior, 

X has the properly of Bair e if every non-void open set G contains a point where 
cither X or X is of the first category; such a set will become an open (or a closed) 
set upon adjunction and suppression of suitable sets of the first category. 

A topological space is coyinected if it is not the union of two open non-void 
disjoint sets. In a connected space the empty set and the whole space are the 
only sets which are simultaneously open and closed. A subset X of 96 is con- 
nected if for every partition X = A U 5, A 0, 5 0, we have (A D 5) U 

( A n J5) 7 =^ 0. A component of a set is a connected subset which is not contained 
in any larger connected subset. Each point of X determines a unique com- 
ponent containing it and X is the union of its components. 

A system H of sets [A a] is a covering of the set X if each point of X is interior 
point of at least one set A a . The set X has the Hcine-Borel property if every 
system of open sets [Ga] which covers X contains a finite sub-system also 
covering X. Following S. Lefschetz we shall say: 

A i 02 )ological space or a subset thereof is compact if it has the Heine-Borel prop- 
erty. It is locally compact whenever each point x of the space has a neighborhood 
N{x) whose Closure is compexet, 

1.3. Hausdorff spaces. Given a space H and a collection of subsets {Xa}, 
called neighborhoods, the space will be called a Hausdorff space or a T 2 -space if: 

III . To every point x there is at least one neighborhood Nix) containing it. 

II 2 . If Ni{x) and N^ix) are neighborhoods of x, there is at least one neighbor- 
hood XaCr) of X such that Nzix) C Niix) ft N 2 ix), 
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Hg . If N(x) is a neighborhood of x^and y G N{x)^ then there is a neighborhood 
of y with N(y) Cl N{x), 

H4 . IfxT^y, there exist neighborhoods N{x) of x and N{y) of y such that 
N{x)(\N{y) = 0. 

A Hausdorff space is a topological space provided open and closed sets are 
defined in an obvious manner in terms of the given neighborhoods, the closure 
of X being then the intersection of all closed sets containing X. On the other 
hand, a topological space satisfies conditions Hi-Hgbut ordinarily not Holq separa- 
tion axiom H4 . 

A subset {N^} of the given neighborhoods is a neighborhood base at the point 

if rr ^ for all and if to every given open set G containing x there is an 
such that C G. The set {N^] is a neighborhood base for the whole space 
if it contains a base for each point of S. The case in which there is a countable 
base is particularly important. The two well known axioms of Hausdorff refer 
to this situation: 

First Countability Axiom. There is a countable base at each point of the 
space. 

Second Countability Axiom. The space has a countable base. 

A Hausdorff space satisfying the second countability axiom is separable. 

In a Hausdorff space a sequence {a:„l converges to a limit a;o if and only if for 
every neighborhood ^(0:0) of xq there is an m with rr„ G N(xo) for n > m. The 
limit is unique. 

If Xi , ^2 , ’ * * , Kn are topological spaces, the product set Xi X X2 X * • * X 
, Xi C , • ’ • , Xn C 9£n , is the set of all ordered n-tuples {xi,X2, • - • , a^n) 
where G Xi , • • • , G X„ . In particular, the symbol X X2 X • * • X 
Hn denotes the product space of all such ordered n4uples. The product space 
can be made into a topological space by the convention that the point x = 
(.Ti , • — , Xn) belongs to the closure of the set X if and only if for every choice 
of open sets Gif- - ^Gn with xi £ Gi, ,Xn G we have (G?i X • • • X Gn) 
n X 5*^ 0. In particular, the closure of a product set is the product set of the 
closures. If the given spaces are Hausdorff spaces, we make the product space 
into a Hausdorff space by defining X * • • X as the system of neigh- 
borhoods for the product space where {Nui } is the given system of neighborhoods 
of the space dci . 

1.4. Metric spaces. X is a metric space if for each pair of points x, y in 
there is defined a real-valued function d{x, y), called the distance from x to y, 
subject to the two postulates of Lindenbaum: 

Di . d{Xy y) ^ Q if and only if x — y. 

D2 . d{x^ y) g d{z^ x) + d{z, y) for any three points x, y, and z. 

These two properties imply: 

Da . d{x, y) ^ 0, 
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D4 . d{x, y) = d{yy x), 

and in view of D4 the triangle axiom D2 may be written 

Do . d{x, y) g d{x, z) + d{z, y). 

In a metric s‘pace the set of points x with d{xQ ^x) < p is called a sphere. A 
point Xo is an interior point of the set X if there is a sphere d(xo ^ x) < p which 
is in A^. The subset of interior points of X is Int (X) and X is open if Int (X) 
= X. The point xq is a limit point of X if every sphere d{xQ , x) < p contains 
at least two points of X. The set X is closed if it contains its limit points. 
It is honndcd if it is contained in a sphere. The diameter of X is sup d{x^ y) 
for x^y C X. 

A topological space is said to be normal if to every pair of disjoint closed 
sets Fi and F2 there are disjoint neighborhoods: Fi C , i^2 C (j2 , ft fl <?2 = 0. 
A metric space in which neighborhoods are defined to be the open sets of the 
space thereby becomes a normal Hausdorff space satisfying the first count- 
ability axiom. It is separable if and only if it satisfies the second axiom of 
countability. According to Urysohn, a topological space which is normal and 
satisfies the second countability axiom is meirizahle, that is, a metric topology 
may be introduced which is equivalent to the original topology so that the 
property of being closed means the same thing in both topologies. 

In a metric space a sequence [Xn] converges to the limit if and only if 
d(a;o , Xr) — » 0. The Cauchy condition: to every e > 0 there is a such that 
d{xm , iTn) <6 for m, n > k{e)^ is necessary for convergence. A sequence satis- 
fying this condition is called a Cauchy sequence and a metric space is said to 
be co7nplete if and only if every Cauchy sequence converges to a limit. If a set 
X is of the first category in a complete metric space, then X is dense in the 
space. A complete metric space is of the second category and cannot he of the first 
category at any point. 

Bairb's Category Theorem. If a complete metric space is represented 
as the union of a countable set of subsets, = UnX^ , then the closure of Xn contains 
a sphere for at least one value ofn. 

A set X in a metric space is totally bounded if for every 5 > 0 the set may be 
represented as the union of a finite number of sets each of diameter < 5. A 
totally bounded set is separable. In a complete metric space the closure of 
a totally bounded set is compact. Conversely, a compact subset of a metric 
space is totally bounded and a compact metric space is complete. A metric 
space is sequentially co^npact if every sequence [xn] contains a subsequence 
converging to a point in H. A sequentially compact metric space is compact and 
vice versa. 

1.5. Partial ordering. A set X is partially ordered if for some pairs of ele- 
ments X, y an ordering relation x < y exists (also denoted hy y > x) which, is 
transitive: x < y and y < z implies x < z. The ordering is reflexive ii x < x 
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for all a:, proper if x < y together with y < x implies x = y. The set X is sim.ply 
ordered if all pairs y are ordered. 

In a partially ordered system X the subset Y is said to have yo for an upper 
hound whenever y < yo for every y £ Y. The element Xq is maximal for X 
if X > OJo implies Xq > x. For the existence of maximal elements we have the 
convenient maximal principle of Max Zom, one form of which is 

ZoRisr’s Lemma. TJ X is a partially ordered system in ivhich each simjyly ordered 
subset has an upper bound in the syslc^ny then X contains at least one maximal 
element. 

References. Frechet [4], Kiiratowski [2], Lefschetz [1]. 


2. Auditive Spaces 

1.6. Algebraic systems. The topological spaces which are most useful in 
functional analysis are at the same time algebraic systems. By this we moan 
that one or more algebraic operations are defined in the space which is closed 
under the operations in question. There are essentially three binary operations , 
conventionally referred to as addition^ multiplication ^ and scalar multiplication, 
which come into consideration iii this connection. 

The simplest and most primitive systems are obtained when there is only onc‘ 
operation defined, either addition or multiplication. The system is then a 
semi-group or possibly a group depending upon the stringency of the po.stu- 
lates. In the case of two operations, there are two useful alternatives: addition 
and multiplication give rise to a ring, addition and scalar multiplication i o a 
linear system. Finally if all three operations are defined, the system is an 
algebra. Formal definitions will be given when needed, here only an orientation 
is desired. 

The systems discussed in the remainder of this chapter are determined by 
three sets of postulates: the first defining the algeliraic operations whicli are 
permissible, the second the topology of the space, and the third the relations 
between operations and topology. The purpose of the third set is to ensurf^ 
continuity of the operations in the particular topology under consideration. 

From this enumeration the reader will perceive that there are five basic possibilities of 
constructing algebraico-topological systems. We shall, however, omit multiplicative 
spaces as well as ring spaces. The three remaining alternatives, additive, linear, and 
algebraic spaces, will bo highly specialized since wo shall have no use for the general theory 
of such spaces. 

1.7. Additive groups. Let 1 be a set, containing at least two distinct ele- 
ments, in which a binary operation called addition i.s defined. 
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Definitionf 1.7.1. ^ is an additive group if the following conditions hold: 

Ai . Every ordered pair of elements x, y has a uniquely defined sum x + ?/. 

A 2 . Addition is associative, that is, (x + y) + ^ = x + {y + ^)- 

As . There is a zero element 6 such that x + d = 0 + x = xfor all x. 

Ai . To every x there is a negative, written -x, such that x {-x) = 6. 

Addition is not assumed to be commutative for the present. The postulates 
imply that the zero element and the negative are unique and that {—x) + x 
= 6 for all X whence it follows that —(~rr) = x. The properties of the nega- 
tive give the laxo of cancellation: 

X A- ^ = y + z or z + x = z + y implies x — y, 

A subset X of is called a subgroup if X is an additive group under the same 
operation. 

If X and Y are subsets of X, the symbols ~X, X + F, and X — F denote 
the sets {—x), (x + y}, and (x - y} respectively where a; 6 X, G F. In 
particular X + y = {x + y},y + X = (y + x} where x G X. 

1.8. Additive group spaces. Let X be an additive group and suppose that 
a topology has been introduced in X so that X becomes a topological space, which, 
in particular, may be a Hausdorff space or a metric space. 

Definition 1.8.1. An additive group X is: 

(1) a topolo gical additive group if X is a topological space and 

AT. X — F = X — F whenever one of the sets X or Y reduces to a single 
point, the other being arbitrary', 

(2) a Hausdorff additive group if X is a Hausdorff space and 

AH. to every pair of elements x, y and every neighborhood N{x — y) of x — y 
there are neighborhoods N {x) of x and N (?/) of y such that N {x) — N{y) Cl H (x — y); 

(3) a metric additive group if X is a metric space and 

AD. whenever d{xn , .To) 0 and d{yn , yf) 0, then d{xn — yn , Xq — yf) — > 0. 

There are a number of definitions of topological groups, additive or multiplicative, in 
the literature corresponding to different choices of the basic topology and of the continuity 
postulate. Ordinarily it is required that a; + ?/ be a continuous function of {x, y). This 
is guaranteed by postulates AH and AD above but not by AT. The latter, however, suflices 
to make the group operations continuous, that is, reflection in the origin and right and left 
translations are continuous operations and even homeomorphisms under AT. This postu- 
late of course amounts to assuming that the closure operation commutes with the group 
operations. This in turn implies that ail topological proxjorties of subsets of X are left 
invariant by the group operations. Thus if a sot X has a certain topological property P, 
then the sets X + a, a -H X, and —X have the same property for every a. 

A similar remark applies to conditions ST and MT of Definitions 1.10.1 and 1.13.1 below. 
These postulates are sufficient to make scalar multiplication and ring multiplication con- 
tinuous with respect to each variable separately but not necessarily with respect to both 
variables simultaneously. For a verification of the continuity properties, see section 
2.4 below. 
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The following theorem on subgroups is due to C. Kuratowski ([2, p. 76] and [1, p. 38]). 
The proof can serve as a preparation for Theorem 7.7.1. 

Theorem 1.8.1. If a subgroup G of a topological additive group 3£ has the property of 
Baire, then either G is of the first category in '^or G is both open and closed in 36 so that (? = 36 
if 36 is connected. 

Prooi!'. Suppose that G is of the second category in 36 and form the set D{G) which 
is not empty. Since D{G) is the closure of its own interior, Int [i)(G)] 0. G being of 

the second category at every point of the open set Int [R ((?)], we conclude that the in- 
tersection of G and Int [R(G)] is not empty. 

Let us now consider how these sets are transformed by the operations of G. li g G. G, 
then G g — G and —(?=(?. We have also f? + G = but we shall not need the use of 
left translations in the following. Since X and X -j- g have the same topologial properties, 
Int (X 4- = Int {X) -f g. Thus 

Int[jD(60] « Int[R(~G')] » Int [-^((7)] - -Int [!)((?)], 

Int [D{G)] = Int [R((? + g)] = Int [i>((?) + ^] = Int [D((?)] + ff, 

or Int I2)(G0] and, a fortiori, its closure D{G) are invariant under the operations of G. But 
this implies that if one point of G belongs to Int [!>((?) 1, so do all points of (?. Hence 

(Sf C Int [i)(0)] (ZD{G)c:Q, 

If p g 5, then every neighborhood of p contains elements of G. Let be a point of G 
in the open set Int [R((r)] + p which is clearly a neighborhood of p. Then fir — p 6 Int 
[!)((?)]. Hence also p — ^ 6 Int [2)(G^)] and finally p f Int [R ((?)]. In other words, G C 
Int [D{G)] and consequently 

Ini [D(G)] « 0. 

The set on the left is open, the one on the right is closed. Hence Q is both open and closed. 
If 36 is supposed to be connected, we conclude that 5 « 36. 

So far we have not used the assumption that 0 has the property of Baire. Since G « 
R((r) is an open set and G is of the second category at all of its points, it follows that 
G is of the first category at some point of G. Suppose that p is a point of G not in G and 
form the coset G + p. It has no points in common with G, that is, (? + p C R; it is of the 
second category and has the property of Baire since topological properties of G are un- 
changed by right translations. It follows that G + p is of the second category at all points 
of its own^closure which, however, equals G + p. But G is also a subgroup of 36 so that 
G + p ^ G and (t + p is of the second category at all points of G, It follows that G, of 
which G + P is a subset, is also of the second category at all points of G. The contradic- 
tion implies that 5 = (?, or <? is both open and closed and equals 96 if 96 is connected. This 
completes the proof. 

References. Alexandroff-Hopf [1], Banach [2], van Dantzig [1], Hille [8], 
Kuratowski [1, 2], Lefschetz [l],Pontrjagin [1], A. Weil [1,2]. 
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3. Linear Spaces 

1.9. Linear systems. In an additive group X we introduce a second opera- 
tion, that of scalar multiplication. The scalars could form any domain of integrity 
without essential modification of the subsequent postulates, but for the sake of 
simplicity we restrict ourselves to the most important case in which the scalars, 
are either real or complex numbers. The scalar field will be denoted by fp. 

Definition 1.9.1, y, is a linear system (= module over the scalar field 
if its elements admit of the two operations of addition and scalar multiplication ^ 
subject to the following conditions. 

Addition satisfies postulates Ai to Aa of Definition 1.7.1 together with 

As . Addition is commutative: x + y = y A- x. 

Scalar multiplication satisfies: 

Si . To every number a and every element x ^ % there is a uniquely defined 
scalar product ax = xa in 36. 

So . (o: + ^)x ^ ax A- ^x. 

5 3 . a{x + ?/) ^ ax + ay, 

5 4 . a(^x) = a^x. 

, l^x = X, 

From 82 , 85 , and A 3 it follows that —x == (~l)a; and that O-x = ^ for all x. 

If X is a subset of 36 and A a subset of the symbol AX stands for the set 
{arc} where a ^ A, x £ X. 

A subset X of 36 is said to be convex ii xi , X 2 € X implies that 
axi + (1 — a)x 2 € X for 0 < 0 ! < L 

A linear system, with or without an imposed topology, is usually referred to 
as a linear vector space and the elements are called vectors. A system of n vectors 

, a; 2 , ‘ • , a;„ , none of which is zero, is said to be linearly independent if the 
equation 

aiXi + a2X2 + . * ♦ + anXn = 0, a/b G 

implies ax = a 2 ^ • • • = a„ = 0. They are linearly dependent 

if such an equation holds in which at least one coefficient is different from zero. 
If X contains n linearly independent vectors, but every system of {n + 1 ) vectors 
is linearly dependent, then 36 is said to be of dimension n. If there is no limit to 
the number of independent vectors, then 36 is Said to be of infinite dimension. 

1 . 10 , Linear spaces. We suppose that 36 is a linear system and proceed to 
introduce a topology in X in such a manner that the arithmetical operations 
become continuous. 

Definition 1.10.1. A linear system 36 is: 

( 1 ) a topological linear space if 36 is a topological additive group and 

ST. AX = AX whenever one of the sets A or X reduces to a single- point, the 
other being arbitrary) - f-- ■ 
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(2) a Hausdorff linear space if 3£ is a Hausdorff additive group and 

SH. to every a 6 re G 96 and every neighborhood N {ax) of ax there are neigh- 
borhoods N (a) of a and N{x) of x such that N {a)N (x) C N {ax ) ; 

(3) a metric linear space if X is a metric additive group and 

SD. whenever an ao and d{xn , rco) 0, then d{anXn , «o3:^o) 0. 

Assumptions AT and ST of course imply that the closure operation commutes 
with the arithmetical operations of the linear system, that is, with addition and 
scalar multiplication, so that all topological properties of subsets of the space 
remain invariant under the arithmetical operations. Thus if a set X has a 
topological property P, so do the sets X + y and aX {a 0). The same is 
true in the Hausdoiff and the metric cases. The metric linear spaces contain 
the (jF) - spaces of Banach as a special instance. 

If 8 C X and 8 is a linear space, then 8 is called a linear subspace of X or a 
linear manifold in X. To each set X in X there is a least linear suhspace {X) 
which contains Z. It is made up of all elements of the form where 

n is finite, au G and xu G X. A closed linear subspace is a linear subspace 
which is closed in X. The closure of (X) is the least closed linear subspace con- 
taining X. 

The analog of Theorem l.S.l for linear spaces reads: 

•Theorem 1.10.1-. If a linear suhspace of a topological linear space has the property of 
BairCj then it is either of the first category or is the whole space. 

For a proof, see E. liille [8, p, 380], Note that a topological linear space is connected. 
The tlicorcm is true for more general scalar systems but presupposes that fj> is connected . 

1*1 L Banach spaces. By far the most important class of metric linear 
spaces arc the Banach spaces, (B)-spaces for short, Here the metric topology 
is based upon a norm. 

Definition' 1,11.1. A linear system X is called a {B) -space if 

(1) with every element x there is associated a real number |1 3:^ ||, called the norm 
of X, with the properties 

Ni . II ir j| Oand || || = Q if and only if x = 6, 

N2. |i«|| = kllU-ll, 

\\T. + y\\ g ||.r|| + Ihyll; 

(2) d{x, v) ^ \\x - y II; 

(3) X is complete in the resulting topology. 

X is a real or a complex {B) -space according as ^ is the real or the complex riumher 
field. 


Verification of the fact that a (B)-space is a metric linear space in the sense of 
Definition 1 .10.1 is left to the reader. Numerous examples of special (B)-spaces 
are given in Banaches treatise [2] ; other examples are to be found in Part III 
of this book. 
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In any (B) -space the interior of the unit sphere is a convex set. J. A. Clarkson 
[1] has introduced (B)-vSpaces having a stronger convexity property: 

A. (B) -space is said to be uniformly convex || o;^ || = l,fj| 2/n || = n — 1, 
2, 3, • • • , together with lim»^voo |1 + ?/^) || = 1 implies lim„^oo \ \xn — yn\\ =0. 

The Lebesgiie spaces Lj,(a, h) with p > 1 are examples of uniformly convex 
spaces. On the other hand, Li(a, h) and C[a, 6] are not uniformly convex. 

Each n-dimensional euclidean space with the usual metric is a locally compact 
(r5)-space. Conversely, by a theorem of S. Banach [2, p. 84] which goes back 
to F. Ricsz: 

A locally compact (B) -space is of finite dimension^ that is, there is a finite set of 
elements , ’^2 , • * ♦ , i(>n such that every element of H is of the foim x = aiUi 
+ • • • + anUn with coefficients in 

A countable set of elements {un] is said to be a base of the (B) -space H if 
for each .t C X there is one and only one sequence of numbers {o^n} in such 
that X = E' rtwal OlfiUn ♦ 

References. Banach [2], Clarkson [1], Hillc [8], F. Riesz [3]. 


4. Algebraic Spaces 

1.12. Algebras. An algebraic system in which all three operations are 
defined is known as an algebra, 

DitjFiNmoN 1 .12.1 . %{ is an algebra over the scalar field if its elements admit 

of the three operations of addition, multiplication, and scalar multiplication, subject 
to the following conditions. 

?l is a linear system in the sense of Definition 1.9.1. 

The multiplication satisfies: 

Ml . Every ordered pair of elements x, y has a unique product xy. 

. Multiplication is associative: {xy)z = x(yz). 

D. Addition and multiplication are distributive: 

x{y + 2) = xy + xz, {y + z)x = yx + 

Sf, . Multiplication and scalar multiplication commute: axfy = afixy. 

Further conditions which will sometimes be imposed are: 

Mrj . There exists a unit clement e such that ex — xe = x for each x. 

M4 . Multiplication is commutative: xy = yx. 

Wc speak of an algebra with a unit element if M3 holds, a commutative algebra 
if M4 holds. 

If X and Y arc two given subsets of S(, the symbol XY will denote the set 
1x7/1, .r X, y G Y. 
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1.13. Algebraic spaces. Topologies are introduced as in the previous cases. 

Definition 1.13.L An algebra % is 

(1) a topological algebra (= topological algebraic space) if 21 is a topological 
linear space and 

MT, XY — XY whenever one of the sets X or Y reduces to a single pointy 
the other set being arbitrary] 

(2) a Hausdorff algebra if 21 is a Hausdorff linear space and 

MH. to ever7j neighborhood N(xy) of xy there are neighborhoods N{x) of x and 
N i'lj) of y such that N (x) N{y) Cl N (xij ) ; 

(3) a metric algebra if 21 is a metric linear space and 

MD. whenever d{Xn , Xq) 0, d{yn , 2/o) 0, then d^XnVn , x^yf) — > 0. 

In all three cases the arithmetical operations of the algebra commute with 
the closure operation, so that if X has a certain topological property, the sets 
Z + ^, aX (a 0), yX^ and Xy have the same property. 

If 2li C 21 and 2(i is an algebra, then 2Ii is a suhalgehra of 21. To every subset 
X of 21 there exists a least subalgebra 2{(Z) containing X, It consists of all 
finite multinomials obtained by adding and multiplying elements of X, the 
coefficients being in The closure of 2l(Z) is the least closed suhalgehra con-* 
taining Z. A proper subalgebra which has the property of Baire must be of the 
first category in 21. 

L14. Banach algebras. By far the most important instance of a metric 
algebra is given by the Banach algebras which are usually known under the name 
of normed vector rings. The latter name being a misnomer from the algebraic 
standpoint, we have adopted the term Banach algebra, (B) -algebra for short, 
following a suggestion of Max Zom. 

Definition 1.14.1. SB is a Banach algebra if ^ is an algebra as well as a Banach 
space and if^ in addition, 

It is a real or a complex Banach algebra according as # is the real or the complex 
number field. 

The inequality 

II xy - x„yn II g II xiy - 1| + || (a; - x„)yn || 

^ II a; INI - 2/n II + 11 Vn II II a: - x„ || ^ 

shows that xy is a continuous function of both variables together. 

If S3 has a unit element e, we have || c 1| S 1. I. Gelfand has shown that it 
is always possible to assume that || e 1| = 1. If this is not true at the start, 
we can always replace 58 by a (B)-algebra which is algebraically as well as 
topologically equivalent to 58 (58' is an isomorphic and homeomorphic image 
of 58) whose unit element has the norm one. 

References. Ambrose [1], van Dantzig [1], Gelfand [4]. 



CHAPTER II 
LINEAR OPERATIONS 


2.1. Orientation. In this chapter we shall give a survey of ,th,ose parts of 
(he theory of linear operations which have a bearing on our main problem. - More 
proofs are included in the text than in the preceding chapter, but the presenta- 
tion is far from self-contained and the References are recommended for supple- 
mentary reading. The material is grouped under five paragraph headings': 
Continuous Transformations, Linear Transformations, Linear ■ Functionals', 
Linear Bounded Transformations, and Spaces of Endomorphisms. • ■ ■ • ' 


1. Continuous Teansfoemations ■ ' ' ' 

2.2. Mappings. Let X and g) be two topological spaces, in the sense of 
section 1.2, which may be identical or di-stinct. Let y = T{x) be a single-valued 
function with domain -D in 3E and range 91 in g), that is, to every a; in ® corresponds 
a unique y in 9{ and every 2/ in 9? is the image of at least one a; in S. Then y 
T{x) is said to define a mapping of T) onto 91 or a transformation on ® to 91.' ' ' ' 

If A C jD, the symbol 2'(Z) denotes the set of all points T{x) with, a: ^ ,X 
and T{X) is called the image of X under the mapping. If F C 91 then the set 
of all points a: in !3!) with T{x) 6 F is called the inverse image of F and - is de- 
noted by jP“\F). It is clear that 

F = T[T-\Y)] for all F C 91, 

X £ T-\T{X)] for all Z C ; ' 

and, in general, the inclusion is proper. The mapping is one-to-one if equality 
holds, that is, if F = T{X) implies Z = T~^{Y) for every Z C 5D. In this case 
there exists a unique single-valued function x = T~^{y) with domain 91 and 
range 2) such that 

TVr~\y)] = y for &\\y € 91 and 5r'[r(a:)] = a: for all a; e ®. 

We call X = T~^{y) the inverse oiy = T{x). The point set [a:, T{x)\, a: 6 2), 
in the product space X X g) is known as the graph of T{x). 

2.3. Continuity. For the sake of simplicity we take 2) = X and denote 
closure by the same symbol in both spaces. 

13 
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Definition 2.3.1. The iTa7isfoTmation y = T(x) is contmuous at x = xo if 
for every set X the condition Xo ^ X implies that T(xo) 6 T{X). T(ai) is a con- 
tinuous transformation {mapping) if T{x) is contmuous at all pomts. 

Theorem 2.3.1. Necessary and sufficient conditions in order that T{x) be 
a continuous transformation are 

(1) T{X) C T{X) for every set X^ or 

(2) T~^{G) is open for every open set G, or 

(3) T^\F) is closed for every closed set F. 

For a proof see C. Kuratowski [2, pp. 07-68]. Functions of two or more 
variables are discussed in the same manner by introducing the product space 
on which they are defined. In the case of a Hausdorff space satisfying the first 
countability axiom and, in particular, if the space is metric, the conditions may 
be given the classical form: T{x) is contmuous at x — .To if and only if t,, Tu 
implies that T{xn) T{xo) . 

A continuous transfor^nation maps compact sets onto compact sets. 

Definition 2.3.2. If y = T{x) has a uniqice inverse and is continuous together 
with its inverse^ then Ifx) is called a topological transformation and the mapping 
is a homeomorphism. 

If X and ^ are complete metric spaces, if { T^fx) },n == 1, 2, 3, • • • , are trans- 
formations witli domain C X and range c: g), and if lim^woo Tn{x) exists 
for each .t in S C flnSy* , then the limit defines a transformation T{x) with 
domain © and the sequence ( Tn j is said to converge to T in SD. 

Definition 2.3.3. If 9E and g) are complete metric spaces^ and if y = T{x) 
has X as its domain and has its range in §), and if T{x) takes hounded sets in 9£ 
into totally hounded sets in g), then T{x) is called a compact transformation. 

Here tlie usual term is ^‘completely continuous transformation.” This is a misnomer, 
however, since a compact transformation need not be continuous anywhere. Thus the 
function /(a:) which is zero or one according as x is rational or irrational define.s a compact 
transformation on reals to reals which is nowhere continuous. 

2.4. Continuity of the arithmetical operations. In the definitions of sections 1.8, 1.10, 
and 1.13 conditions were laid down with the stated purpose of making the arithmetical 
operations continuous in additive groups, linear spaces, and algebraic spaces, but no 
attempt was made to verify the continuity. Theorem 2.3.1 (1) provides a tool for such 
a proof. We shall carry through the argument for additive groups, mainly as an illustra- 
tion of the theorem. 

Applying condition (1) to the transformation y ~ —xwq see that —X C for all sets 
X is necessary and sufficient for continuity. Replacing X by —X reverses the inclusion 
and gives the final condition -X = -X for all X. The transformation y ^ a is con- 
tinuous in X if and only if X + a C X is true for all X. If this holds for all a, then 
all right translations will be continuous together with their inverses, that is, they become 
homeomorphisms. This implies that X -fa — aCX-|-ct — a = X whence ^4^ *= X -f a 
for all X and all a. Similarly the left translations become homeomorphisms if and only if 
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a -f X = + A for all A" and ail a. Combining all three conditions, we see that Postulate 

AT results. This postulate is consequently equivalent to the requirement that the three 
operations of reflection in the origin, left translations, and right translations be homeo-’ 
morphisms. 

The same type of argument, shows that Postulate ST is necessary and sufficient in order 
that scalar multiplication be continuous with respect to each variable separately. Similarly, 
Postulate MT is necessary and sufficient for the continuity of ring multiplication with 
respect to each of the faclors. 

References. Kuratowski [2], Lefschetz [1]. 


2. Linear Transformations 

2.5. Additive transformations. In the following both domain and range 
spaces will be algebraic systems. For the sake of simplicity we use the same 
symbols for corresponding operations in the two spaces and do not distinguish 
between the tw^o zero elements. 

Definition 2.5.1. Let X and ^ he two topological additive groups and y = T{x) 
a ira7isformation on 3£ into g). T{x) is said to be additive if for all Xi and we have 

T(xi + .T 2 ) = T(x,) + Tfe). 

The definition implies that 

T(e) = T{-x) - -T(x). 

Theorem 2.5.1. An additive transformation is continuous everywhere if it is 
continuous at a single point 

Proof. Suppose that T{x) is continuous at a; = .To , take xi 9 ^ .To , and let 
X l:)e any set with Xi f A'. Then 

.1*0 (z X — Xi 4 " To == A" Ti T" To 

and by Definition 2.3.1 this implies 

T{.r„) f- = T{X) - T(xiV+l^ - TO - Tixx) + T{xo) 

whence T{xi) 6 T{Xj. Hence T{x) is continuous at the arbitrary point a:i . 

2.6. Linear transformations. We turn now to linear spaces. We recall 
that the scalar field ^ is either the real or the complex field. 

Definition 2.6.1. Let H and 2) he two topological linear spaces with the same 
scalar field $ and let y = T{x) he a transformation on 1 into f). If T{ax) = 



IG 


FUNCTIONAL ANALYSIS AND SEMI-GROUPS 


[§2 

aT{x) for all x and all real a, then T(x) is said to be real-homogeneous- T(x) is 
homogeneous tf the relation holds for all a e #. O^^eous, i ^x) ts 


The two notions obviously coincide if $ is the real field. 


homogeneous transformation is said to be 

corlVwLfh not following the usage of the Polish school ac- 

not completely independent, however, as is'sW Properties are 

another with the samfscafor field to-pological linear space to 

b.Sr"uoS's„'ffw S f(«) - ,TM for «oh »tion.l Lo, F 

W O' PlTfail nnH +1,1 1 ^ ^ ®?“^*nuous, T{ax) IS m the closure of TUA D P)s) = 

(A n p) Vitli T(x) Burthe Ho ° "^ht member is the scalar product of the closure of 

H„„ SVe““ ?h?L*si,iS“ ^ ^ 

mS thery °' “ funtental 

II T(a:) II g M II mil 

defiaS i O'™ -»» » 

i. .O d„,„ 0, oc^ioa, „ 

Proof. If T(z) is bounded, then 

II T(x) - T(xo) II = II Tix - mo) || g || ^ || || a; _ || 

and continuity follows. On the othpr Tionri mf \ - . i 

References. Banach [2], Hille [8], 
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3. Linear Functionals 

2.8. Subadditive functionals. A numerically-valued function on an abstract 
space X is known as a functional. In the following we restrict ourselves to the 
case in which X is a (B) -space; g) is the real or the complex number field. The 
notions of additive, homogeneous, linear, and continuous functionals are ob- 
tained from the definitions in the preceding sections of this chapter by taking 
X as a (B) -space and g) as the real or complex vector space. We need a new 
notion, that of subadditivity which will play some role in the present paragraph 
and special instances of which will be studied at length in Chapter VI, 

Definition 2.8.1. A real-valued functional F{x) is said to be subadditive if 
for all Xi and Xz in H we have 

F(xi -h X 2 ) g Fixi) + F(x2). 

We shall prove a couple of simple properties of subadditive functionals. We 
note first that if a subadditive functional is non-negative outside a sphere || a' || = 
72, then it is non-negative for all x. Indeed, if || ir || <72, then there is a positive 
integer n with || ^ || ^ R unless x == 6. Hence 0 < F(nx) ^ nF{x) and 
F{x) ^ 0. For X = 6 we have F(d) g 2F{6) so that F(d) ^ 0. Here we have 
tacitly assumed F(x) to be finite-valued, if not we may have F($) == — 00 . 
However, since F{.v) S F{x) + F{6)j the assumption F{d) = — 00 would lead 
toF(a:) ^ — CO against the assumption. 

Theorem 2.8.1. A subadditive functional which is continuous at x = d with 
F{0) = 0 is continuous for all x and there exists an M such that —M || x || ^ 
F{x) < 3f[||rc|| + 1]. 

Proof. The double inequality 

F{x) - F{-h) ^ F{x + h) ^ Fix) + Fih) 
shows that when h 0 

Fix) g liminfT'C^r + h) S limsup7^(a; + h) S Fix), 

so that Fix) is continuou>s everywhere. Next, there is an M such that Fix) ^ ilf 
for II .T II ^ 1. Indeed, since F(x) S nFix/n) for every positive integer n, 
the contrary assumption would imply that Fix) could take on arbitrarily large 
positive values in any €-sphere about the origin, which clearly contradicts the 
continuity of Fix). Further, 0 = FiQ) ^ Fix) + Fi’—x) gives 7^(a;) ^ —Fi—x) ^ 
-M and | Fix) | ^ M for || a; || ^ 1. lin-l^\\x\\< 7^,we IxareFix)^ 
nFixfn) S nM < ilf[ || a: j| + 1] and here we may replace Fix) by \Fix) |. 
The lower bound for Fix) may be improved upon, however. For any e > 0 
we can find an 72 = such that Fix) ^ — (M + e) 1 1 ir 1 1 when 1 1 a; [ | ^ 72< . 
Now, Fix) + iM + e) II rr II, being the sum of two subadditive functionals, is 
also a subadditive functional and, being non-negative for || .x || ^ 72^ , it has 
to be non-negative for all x. Since this holds for every e > 0, we have Fix) ^ 
— M' II X II and the theorem is proved. 
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Rt-]mark. The thc'orcin does nut admit of much improvement in any direction. Thus 
the conclusion docs not necessarily hold if F(x) is continuous at x == 0 but F{d) 0 or if 
F{x) is continuous for anx 7 ^ 0 . For the case in %vhich 2c — Ei (euclidean one-dimensional 
space), counter examples are furnished in connection Avitli the proof of Theorem 6.8.2 
IjoIow. Finally, the function F{x) = |i ^ ||“, 0 < cv < 1, shows that an inequality of the 
form Fix)' ^ il/ || a; || need not hold for all x. 

Corollary. In a (B) -space the norm of x is a continuous function of x. 


2,9. Extension of linear functionals. Let X be a given (B)-spacc and con- 
sider the linear bounded functionals on X which will be denoted by the generic 
symbol in the following. We recall that x* is linear if 

(2.9.1) + I3y) = ax*(x) + 

for all a, /? 6 ^ and x, y £ It is hounded^ if for all x 

(2.9.2) i x*(x) I ^ II ‘'T II 
and its norm has the value 

(2.9.3) II a:* II - sup | :r*(a;) |, l|a;|| g 1. 

It is of fundamental importance to Imow if any linear bounded functionals 
are available on a given (B)-space and, if so, if there are sufficiently many to 
distinguish between distinct elements of X, We have of course always the 
trivial functional x*(.r) ^ 0, but are there any others? In particular, are there 
functionals vanishing on a preassigned proper linear subspace of X without 
vanishing identically? To what extent can a linear functional be preassigned? 

In principle continuous linear functionals could exist in any linear topological space. 
However, J. P. LaSalle [1] has shown that non-zero linear functionals exist if and only if the 
space contains an open convex set, containing the origin but not the whole space. On the 
other hand, according to A. Kolmogoroff [3] the existence of a hounded open convex sot is 
necessary and sufficient for the existence of an equivalent normed topology and J. V. 
■\yoha,uscn [1] has showm that the existence of a linear continuous non-zero functional 
implies a normed topology for equivalence classes modulo the functional in question. Ex- 
amples of topological spaces in which a;* = 0 is the only linear functional are given by the 
space of measurable functions (S. Banach [2, p. 234]) and the space Lp with 0 < 71 < 1 
(M.M.Day [1]). 

For (B)-spaces the questions raised above may be attacked with the aid of 
the Hahn-Banach extension theorem in the real case and the Bohnenblust- 
Sobc25yk analog in the complex case. As point of departure one may take the 
following theorem for which the reader is referred to S. Banach [2, pp. 27-29]. 

Theorem 2.9.1. Given a real {B) -space and 

(1) a suhadditive positive-homogeneous functional p(x) defined on 3£: 

p(^ + y) ^ p{x) + p(y), p(ax) = ap(x) for a > 0; 
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(2) a real linear functional /(.r) defined on a linear suhspace 2 of I such that 
fix) g pixf, X 6 8. 

Then there exists a linear functional F{:x) defined on ^ such that Fix) g p(.r) 
for all X € X and Fix) = fix) in Z. 

It should be observed that the inequality Fix) g pix) implies F(— .r) ^ 
pi—x) so that the final conclusion is 

(2.9.4) -pi-x) ^ Fix) S Pix). 

The Hahn-Banach extension theorem is an immediate corollary of Theorem 
2.9.1. It reads as follows: 

Theorem 2.9.2. Given a real iB)-space X, a linear subspace 2, and a real 
linear hounded functional fix) defined on 2. Then there exists a real linear hounded 
functional x*ix) defined on X such that x*ix) = fix) on 8 and the norm of x*ix) 
on is the same as the norm of fix) on 2. 

Proof. If 


= ll/lls = sup|/(.x-)|, X e 2, II a: 11 S 1, 

wc take pix) = M ||.r|| and apply Theorem 2.9.1. Formula (2.9.4) ensures 
that the resulting extension is a bounded linear functional. 

On the basis of this theorem one may now prove various existence theorems 
for linear bounded functionals. A couple of results which go back to H. Hahn 
[2] are listed in the next two theorems. 

ThuouijIM 2.9.3. To each point xo of X there exists a linear hounded functional 
on X such that x'^(xo) == || Xo || and i| x* || = 1. 

Proof. Wc may assume Xn 7 ^ 0 , Then the elements of the form , a 
real, form a linear subspaee S on which V'e define /(axo) = a || Xo || so that \\f \\^ 
= 1. The desired result them follows from the preceding theorem. This 
shows the existence of infinitely many linear bounded functionals on 

ITiicorem 2.9.4. To each given linear suhspace Cl H and each point Xo at a 
positive distance d from S there is a linear hounded functional .x* such that (i) 
x*(x) == 0 on (ii) x^Ctr) — 1, and (iii) || x* || = 1/d. 

Proof. If Xi ranges over ? and a is real, the elements of the form Xi + axo 
make up a linear subspace Vi of X, If x f 2i , then x = Xi + eixo where Xiand 
a are imiciuely determined since d 7 ^ 0. We define fix) = a on . It is 
obvious thai /fx) is a linear functional on Si such that/Cr) = 0 on 8 and/(.To) = 1 • 
It is a simple matter to prove that ||/||i>i = 1/d, The extension theorem is 
tiion used to (‘omplefe the proof. 

So far X was a real (H)~space. Now lot X be a complex (13}-space instead 
and S a linear subspaee of J. This means tliat 2 contains all complex linear 
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combinations of any finite number of its elements. Theorems 2.9.1 and 2.9.2 
may still be used to prove the existence of additive, real-homogeneous functionals 
on % but they no longer apply to linear (that is, complex linear) functionals. 
Here the basic theorem is due to F. Bohnenblust and A. Sobczyk [1]. We ob- 
tain their theorem, hereafter referred to as Theorem 2.9.5, by replacing ‘h’eal” 
by '‘complex’^ in the wording of Theorem 2.9.2. 

For the validity of Theorem 2,9.5 it is essentia that the initial functional fix), given 
on the linear subspace S, is actually linear and not merely additive and real-homogeneous. 
Indeed, Bohnenblust and Sobezyk have shown that in every complex (B) -space of infinite 
dimension there exists an additive, real-homogeneous functional defined on a linear sub- 
space which does not admit of a bounded linear extension to the whole space 

Proof of Theorem 2.9.5. Let/(x) = fi{x) + ifiix) be the linear functional 
given on S. Here fi(,x) and f%{x) are real-valued and a simple calculation show.s 
that they are additive real-homogeneous functionals of norm not exceeding 
that oi f{x) on 8, furthermore /aCa:) = —fiiix). As we have already observed, 
Theorem 2.9.2 may be used to obtain a real additive, real-homogeneous func- 
tional Fi{x) on X such that ^'i(a:) = fiix) on 8 and || Pi Hj = |1/ ||s = M. We 
then set 

x*(x) = Fi{x) — iFx{ix). 

Since x*{ix) — ix*{x), this is a linear bounded functional which obviously 
coincides with /(a:) on 8. If a;*(a;) = re’® we have 

1 a:*(a:) | = e“*‘'a:*(a:) = x*(,e~\) = Fi{e~^x) ^ Jlf || a: ||. 

This completes the proof. 

We note in passing that Theorems 2.9.3 and 2.9.4 hold for complex (B)- 
spaces. In constructing the auxiliary functional f{x) we let a take on all com- 
plex values instead of real values and then use Theorem 2.9.5 instead of 2.9.2. 

The set of points where a given functional x* vanishes is a closed linear mani- 
fold So • If x* ^ 0, So ^ X, and we may find a vector xi not in So such that 
a:*(a:i) = 1. If a;*(a:) = x*(.y), then x - y £ It follows that with respect 
to X* every element x has a unique decomposition, x = Xo + axi where X(, 6 So . 

Definition 2.9.1. A setXoin^issaidiobefundammtalifiheleasicloscdlinear 
manifold containing Xo is S. 

Theorem 2.9.6. A necessary and sufficient condition that a set Xo be funda- 
mental is that every linear bounded functional which vanishes on Xo vanishes iden- 
tically. 

Proof. This is a corollary of Theorem 2.9.4. 

Theorem 2.9.7. If the dimmsion of S exceeds n and if xt , jxtaren given 
bounded linear functionals on S, then the homogeneous system of equations 

x*{x) = 0, 


always has non-trivial solutions. 


j ~ 1,2, ,n, 
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Proof. We may assume the given functionals to be linearly independent 
and choose {n + 1) linearly independent vectors , • • • , rcn+i in 36 which span 

a linear subspace Xn+i . If a; € h , and if a;* {xi) = 

oijjc then the system 

x'^ix) = + . . . + ay,n-M^n41 = 0, J = 1, 2, • • • , 71 , 

has a non-trivial solution ($?,•*', which defines a non-trivial solution 
X = -f . . . + of the original system. 

The problem of solving infinite systems of linear equations in functionals was attacked 
in special but typical cases by F. Riesz [1, 2] and E. Kelly [1] and in the general case by 
li, Hahn [2]. We state two theorems of Hahn's without proof. The necessity of the stated 
conditions is obvious and the reader should have no difficulty in deriving the sufficiency from 
Theorem 2.9.5. The second theorem involves the notion of a reflexive space which is de- 
fined in the next section. 

Theorem 2.9.8. Given a complex (B) -space 36, a countable set of elements {a^n} in 3:, and 
a countable set of complex numbers {Cnb A necessary and sufficient condition for the existence 
of a linear hounded functional x'-^' such that (i) — Cnfor all n, and (ii) || :r* || -^ ilf is 

that the inequality 

I El I - I El 1 1 

hold for each Jc and each choice of the complex numbers {«»}. 

Theorem 2.9.9. Given a complex reflexive (jB) - space 36, a countable set of linear hounded 
functionals [xt] on 36, and a countable set of complex numbers 1C„!. A necessary and suf- 
ficient condition for the existence of an element x in ^ such that (i) xt{x) = Cn for all n and 
(ii) 1 1 rc 1 1 ^ M w that the inequality 

|Ei“'‘C'«| 

hold for every integer k and each choice of the complex numbers {q:,i1 . 

2.10. The adjoint space. Let 36 be a complex (B)-space and consider the 
set 36* of linear bounded functionals on H, If Xi and x^ are elements of X* and 
ai , a 2 are complex numbers, it is obvious that aiXx + azx^ is also in 36*. It 
follows that addition and scalar multiplication are defined in 96* and it is a simple 
matter of showing that X* is a linear system in the sense of Definition 1.9.1. 
The zero element of 36* is the zero functional which vanishes for all x. We may 
introduce a normed topology in 36* by setting 

II X* II = sup I x*{x) I, II ^ II = D 

Cf. formula (2.9.3). It is easy to show that this definition gives a proper norm 
in the sense of Definition 1.11.1 and that 36* is complete in the resulting topology. 
It follows that J* is a complex (B) -space which is known as the conjugate or 
the adjoint space of 36 . The term polar space was used by Hahn to whom we owe 
much of our knowledge of this field. 
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The value of the functional £ 36* at the point x G 36 is a complex number 
B(Xj X*). We may consider B{x, as a bilinear functional since obviously 

(2.10.1) B(ax + a;*) = aB(x, + ^B(y, a;*), 

(2.10.2) B{x, yx"^' + 5?/*) = yB(Xj a;*) + dB{Xf 7/*), 

(2.10.3) |5(a;,a;*) | ^ ||a;[| ||.t*||. 

Since 36* is a (B)-space, it also has an adjoint space 96**. This is made up 
of the linear bounded functionals defined on 36*. Formula (2.10.2) shows 
that for fixed x we have B{x, a?*) € $**, that is, there exists an a;** £ 96** with 

(2.10.4) a;**(x*) = a;*(a;) 

for all a;*. By formula (2,10.3) we have |1 a;** \\ g || -^ ||. Here, however, the 
equality must hold; this is shown by Theorem 2.9.3 according to which there is 
a functional a;* £ 36* of norm unity whose value at a given point x equals 1| a; H- 
If X — 0, we have B(Xj a;*) = 0 for all n;*. Conversely, by Theorem 2.9.3, 
if B{x, .T*) = 0 for all .r* and x is fixed, then x = 0. This has the following 
important consequence: 

Theorem 2,10.1. If B{Xj .t*) = J5(^, a:*) for every x^\ then x ^ y. 

In other words, if x and y are distinct elements of then there is at least one 
functional .^* such ihat x*{x) ^ .^*( 2 /). 

The correspondence x Bix^ a;*) establishes a mapping of onto a subset 
^2 of 36**. The correspondence is an isomorphic and isometric homeomorphism: 
it is one-to-one by Theorem 2.10.1, if x .^'**, y ^ 7/**, then ax + (3y 0 : 0 ;** 

+ id?/**? II a; II = |j a:** |j, It follows that the space 36 may he embedded in the 
space X** without change of algebraic or metric relations. This is the sense to 
be attached to 

Theorem 2.10.2. 3: c ^**. 

The case in which K == X** is of particular interest. Such spaces were originally 
called regular by H. Hahn in 1927; following E. R. Lorch (1939) we shall use 
the more suggestive term reflexive. We list some properties of reflexive spaces 
in the next theorem, referring to B, J. Pettis [2, 3] for the proofs. 

Theorem 2.10.3, (1) A closed linear sub space of a reflexive space is reflexive. • 

(2) If X is reflexive^ so is J6* and vice versa. (3) A uniformly convex space is 
reflexive. 

We note finally 

Theorem 2.10.4. 7/ ^6* is separable, so is S. 

Proof. It is easily seen that if X is a countable set in a (B) -space X, then 
the least closed linear subspace containing X is separable. The assumption 
that X* is separable implies the existence of a countable set dense on the 
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surface of the unit sphei'e in 3-*. Since \\xn |1 — 1 , it is possible to choose for 
each n an element Xn of 3c such that || || ^ 1 and | xX{x^ \ ^ h If the set 

{.T^} is not fundamental, Theorem 2.9.4 asserts the existence of a functional 
with II .r* II = 1 , = 0 for all n. We have then 

II - xl\\^ I - a;*)CTn) I = I xl(xn) I ^ I, 

so that {:rn} Avould not be dense on the unit sphere of K* against the assump- 
tion. It follows that {.Tn} is fundamental and hence that 3: is separable. The 
converse of this theorem is false: the space L is separable, but its adjoint space 
is not. It should be noted that L is not reflexive. 

2 . 11 . The weak topology. The normed topology of a (B) -space is often 
called the strong topology. When this terminology is used, a Cauchy sequence 
{.T^} is said to be strongly convergent and its limit is called the strong limit of . 
In the applications it is frequently necessary to use also another topology, 
called the weak topology^ in terms of which the space is a Hausdorff linear space. 

The neighborhoods are defined as follows. Let Xq £ T, e > 0, n arbitrary 
positive integer, and Xi , Xz , * • • , a:n any n elements of 3E.*. The set of all 
elements x such that 

(2.11.1) \xt(x — a;o) I < 6 , Js = 1, 2, n, 

constitutes the neighborhood N{xo ;xt , • • • , xt ; e) of xo . The set of all such 
neighborhoods is the system {Na} which defines the topology. It is obvious 
that Hausdorff's axiom Hi is satisfied. If iVi and Nz are two neighborhoods 

Ni == N(xq ; xt , ' • • , xt ; €i), N 2 = ^( 0 : 0 ; xt^i , • • • , ; € 2 ) 

then 

i|c jjf j{c . 

A^3 “ A^(Xo J ' j Xjii j j * * ' ) j ^)j 

with 63 < min (ei , ej), has the property Nz Cl NiD Nz so that axiom Hz is satis- 
fied. If 2/0 6 fV(.'Co), we take 

N{yz) = N{yz ; xt , , xl-, B) 

with the same functionals as in NijXz) and 5 < e — max* | x*(.xa — j/o) |. This 
condition ensures that N{yz) d N{xz) so that axiom Hs holds. Finally, in order 
to verify axiom H 4 , we take 

iV(.To) = N{xz ; X*] e),N(yo) = N(yo •,x*;e) 

where x* is arbitrary except for the condition a;*(j/o — a-’o) = 1. This gives 
x*(x — Xo) — x*(x — 2 / 0 ) = 1 . Hence if e < we have iV(xo) fl iV(yo) = 0. 
It is also a simple matter to verify that axioms AH and SH of Definitions 1.8.1 
and 1.10.1 are satisfied. It follows that in terms of this weak topology the 
(B) -space 36 is a Hausdorff linear space. Thus x + y and ax are continuous 
functions of (x, y) and (a, x) respectively, just as in the strong topology. 
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There are some surprising diiferences between the two topologies, however. 
Thus II ^ 1 1 is not a continuous function of x in the weak topology. This follows 
from Theorem 2,9,7 according to which we can find an element y of arbitrarily 
large norm such that Xi{y) ^ 0, • • • , x^n{y) = 0. It follows that every neigh- 
borhood N{xq] Xi , * • * , a;* ; e) contains elements of the form y where 
II 2/ II is arbitrarily large. This excludes continuity of the norm of x in this 
topology whenever X is of infinite dimension. 

The weak topology of Hilbert space was introduced by J. von Neumann in 1929, but the 
corresponding notion of weak convergence is much older. For the case of Lebesgue spaces 
it goes back to F. Rieszl (1910). 

Definition 2.11.1, A sequence {oJw} in a (B) -space 36 is said to be weakly 
convergent if exists for every £ 36*; it is said to be weakly con- 

vergent to the element iUo if lim„^oo x%Xn) = x^Xq) for all a;*. 

Definition 2,11.2. A {B)-space is said to be weakly complete in case every 
weakly convergent sequence in J is weakly convergent to an element of X. 

Definition 2.11.3. A subset X of a (B) -space is said to he sequentially weakly 
compact if every sequence in X contains a subsequence which converges weakly to 
a point in 36. 

Strong convergence implies weak convergence, but not conversely. 

Theobem 2.11.1. If a sequence {a;^} converges weakly, then there is an M 
such that (( iTn |( ^ M for all n. More generally^ a sequentially weakly compact 
subset of 36 is necessarily bounded. 

This is a special case of Theorem 2.12.3 below. 

^ J. von Neumann [3] has called attention to the fact that weak closure cannot be defined 
m terms of weak convergence. In Hilbert space a sequence may have a single limit point 
m t e weak topology, but nevertheless there is no subsequence which converges weakly 
to this point. This implies that the neighborhoods in the weak topology do not satisfy 
the first countability axiom, much less the second. A Hilbert space is not sequentially 
weakly compact but bounded subsets have this property and this extends to reflexive spaces 
as shown by B. J. Pettis [2]*. 

^ Theobem 2.11.2. A set in a reflexive space is sequentially weakly compact if and only if 
ti zs hounded in the strong topology. 

Theorem 2.11.3. A reflexive space is weakly complete. 


References. Banach [2], Bohnenblust and Sobczyk [1], Day [1], Hahn 
[1, 2], Helly [1], Kolmogoroff [3], LaSalle [1], Lorch [1], v. Neumann [31 
Pettis [2, 3], F. Eiesz [1, 2], and Wehausen [1], 


Sec. 2.12] 


LINEAR OPERATIONS 


25 


4. Linear Bounded Transformations 

2.12. General principles. Let S and g) be (B)-spaces with the same scalar 
held. Definitions 2.0.2 and 2.7.1 give 

Definition 2.12.1. A transformaiion y = T(z) with domain X and range in §) 
zs said to be linear and bounded if (i) T(axi + Pxf) = aT{xi) + fiTixf) for all 
^ and x,,x, 6 X, (ii) || T{x) \\^M\\x\\ for all x. The norm of T is 
llTil = .sup||r(a:) ll/orllrrll g 1. •' 

In this section we collect some basic theorems, which are used constantly, 
and start with the Baudch-Steinhaus thGovem, 

Theorem 2.12.1. Lei [Tn] he a segimice of linear hounded transformations 
onlio^ such that (i) || Tn i| g M for all n, and (ii) lim.^oo Tn{x) exists for every 
X tn a set^ X which is dense in a sphere S. Then lim,,_,o Tn(x) exists for all x and 
the limit is a linear transformation with hound ^ M, 

Proof. Cf. S. Banach [2, pp. 79-80], The first step is to prove convergence 
in L. Let Xq ^ S and Xn Xq ^ Xn € X. For arbitrary positive integers n, 
Pj q we have 

II T,(X,) -- T,(Xo) II g Ii T,ixo) ~ T,(Xn) II + II T,{Xn) - T,(Xn) II 

+ \\T,(Xn) - T,{xo)\l 

whence 


limsup II Tj,(a;o) - T^{xf)\\ g 2M\\xo - a:„ ||. 

Since Xn ^ Xo , the convergence of {Tn(xo)] is proved. If yo is the center of 8, 
r its radius, and x an arbitrary point in Sf, then yo + ax € /S' for | a | <r/ \\x\\, 
and consequently the sequence {T„{yo + ax)] converges. But 

(2-12.1) T„( 2 /o + ax) = T„( 2 /o) + aTr,{x). 

Hence {TnC*)} also converges, that is, T{x) = Iim„_„ r„(a;) exists for all x. 
Since T^ix) is linear, T{x) will have the same property and || Tn || S M imolies 
\\T\\^M. 

For the following lemma we refer to S. Banach [2, pp. 13 and 19]. 

Lemma 2.12.1. If {F„(a:)} is a sequence of functionals defined on a (B)-space 
X and if lim sup,^..«o | Fn{x) \ < m for all xin a set X which is of the second cate- 
gory in X, then there exists a sphere 8 in J and an integer N such that | F„(x) | 
^ N for all xin 8 and all n. 

Next we take the principle of uniform boundedness. 
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Theorem 2.12.2. If { Ta ( x ) ] is a set of linear hounded transformations on 1 to 2) 
and if supa || Ta{x) H < for all x, iheyi the ( || To* |i } is hounded. 

Proof. We consider first the case in which the given set is countable, Ter = 

, n = 1, 2, 3, ' • • . By virtue of Lemma 2.12.1 there is a sphere S and an 
integer N such that 1 1 Tn{x) 1 1 g iV for all a; in /S and all n. Let S be 1 1 a; — yo i | < 

T and use formula (^12.1). It shows that \ a \ \\ Tn(x) || ^ 2W for | a; j < 
r/ \ \x\\. It follows that 1| Tnix) || g (2W/r) || a' || for all a: and so || Tn || ^ 
2N/r for all n. Supposing the theorem to be false for some non-countablc set 
{To-}, we can find a countable subset {?„} C {?V} such that || Tn || co. 
This, however, leads to a contradiction with the countable case, since obviously 
supn II Tnix) II g sup^ || Terix) || < ^ unplics that supn II Tn II is finite. 

Among the many consequences of this theorem, we note the following of which 
Theorem 2.11.1 is a special case. 

Theorem 2.12.3. If a set of points [xa} of X is such that supa | x^ixl) 1 < 
for all functionals .n* of 36*, then the set is hounded. 

Proof. We use the second adjoint space. By Theorem 2.10.2 there is to 
every Xa G 36 an element xT G 36** with (i) xTix"^) == a;*(.ra) for all a;* and (ii) 
II Xa II = II Xcc ||. The set {xa C'r*)} of linear bounded transfoimations on 33* 
to the complex plane satisfies the conditions of Theorem 2.12.2. Hence the 
set { II xT II } = { 11 Xa II j is bounded, 

2.13. Inverse and adjoint transformations. As above K and §) are (B)- 
spaces with the same scalar field ^ = Tix) is a linear transformation, not 
necessarily bounded, with domain S) C 36 and range dl C g). The basic theorems 
on the inverse and the adjoint transformations will be presented in this section; 
practically all the results are due to S. Banach and so are the proofs. 

We recall that y = Tix) has an inverse x = T~^iy) if and only if the cor- 
respondence between S) and is one-to-one. In this case 

y = T[r'\y)], y G 9?; rr = r^Tix)], G 

The condition for the existence of the inverse is that Xi 9 ^ should imply 
Tixf) 9 ^ Tixf) and, owing to the linearity, this is equivalent to 

(2.13.1) Tix) = 0 if and only if a; = ^. 

A simple argument shows that the inverse of a linear iransforynation is also linear. 

Theorem 2.13.1. A necessary and sufficient condition that y = Tix) have a 
hounded inverse is the existence of anm > Q such that \ | Tix) | [ ^ m \ \ x \\ for all 
X in T). The largest admissible value of m is the reciprocal of the norm of 

Proof. If T^^iy) exists as abounded transformation, then ! | ir 1 1 = 1 1 T'^^iy) j | g 
M \\y \l y £ % and || Tix) || ^ (1/M) ||a; \\. Conversely, if || Tix) || ^ 
m II X II, then (2.13.1) holds, T'^\y) exists, and || T~^(y) || S (1/m) \\y |j. 
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Theorem 2.13.2. If y = T(x) and its inverse are hounded linear transforma- 
tions, and if the domain of T(x) is closed, then the range is also closed. 

Proof. Given lim ?/„ = yo , 2/„ G 9t, and y„ = T(x„), then llx„, -x^jj g 
1 1 y \\\\ym-yn\\ whence it follows that lim x„ = Xc exists. Since T(x) is defined 
and continuous for a; = a;o , we have T{xo) = lim Tixn) = yo , that is, yo 6 
and SK is closed. 

Definition 2.13.1. Let y = T{x) be a hounded linear transformation and let 
3-* and §)* he the adjoint spaces of H and g) respectively. Set x*(x) = y*[T{x)] 
for y* € W and a-* = T*iy*). The transformation T* on g)* to 36* is called the 
adjoint of T. 

It is obvious that y*[T(x)] € X* for every y*. 

Theorem 2.13.3. T* is a linear hounded transformation and (( T* || = || T ||. 

Proof. Since |.'c*(a)| g II 2/* II II T || || a; ||, we have || T* || g || T j(. 
But by the definition of the norm, we may find an xo with 1 1 ao 1 1 = 1 and 1 1 T(xo) 1 1 > 

II T II - € for any preassigned e > 0. If r(ao) = yo , we take the functional 
y* € g)* such that y*(yo) = || yo ||, || y* || = 1, which exists by Theorem 2.9.3. 
Then a*(ao) = y*(yo) = || yo || || T || - e, so that || T* |) > || T || - e. Hence 

II r* II = II T ||. The linearity is obvious. 

Definition 2.13.2. If Ti(x) and T^ix) are linear transformations on 36 to g) 
with domains ©i and So such that ©i C ©2 and Ti(x) = tJIx) in , then Ti{x) 
is called an extension of Ti(x). 

Theorem 2.13.4. If y = T{x) is a linear hounded transformation on 36 to g), 
then its second adjoint T** is an extension of T. defined on 1** to g)** and \ | T** \ \ = 

1 1 T 1 1 . In particular, T** = T if ^ is a reflexive space. 

Proof. The second adjoint is defined as T** = (T*)*. It follows from 
the preceding theorem that T** is a linear bounded transformation on 36** to 
g)** and that |j T** || = || T* || = || T |[. By Theorem 2.10.1, 36 C 36**. Now 
take an a** = a G 36 and let y** = T**(a). We shall show that y** = T{x). 
This follows from a repeated use of the definition of the adjoint. Taking an 
arbitrary y* G g)*, we have 

y**(y*) = [r**(a)](y*) = a(a*) = a[r*(y*)] = [T(a)](y*). 

Since this holds for eveiy y*, we have y** = T{x). This shows that 2’** coin- 
cides^ with r in X, so that T** is actually an extension of T. If 36 is reflexive, 

H = If**, and consequently T** = T. 

We have seen that the adjoint preserves boundedness. J. Schauder [1] has 
proved the sharper result: if T is a linear compact transformation (see Definition 
2.3.3) so is T*. 

We now turn to the use of the adjoint transformation for the study of the 
inverse. 
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Theobem 2.13.5. A linear bounded transformation has a linear hounded 
inverse if and only if the range of Us adjoint is the whole space. 36*. 

Proof. If every element a;* 6 36* is of the form for a suitable ?/* ^ g)* 

witha;*(a/0 = ?/* [7(0?) ], then T{x\) rfe)whena;i 5 *^ 0 ^ 2 , since otherwise .r*(:ri) == 
x\xf) for every x^y which is clearly impossible. Hence T'-Ky) exists. If 
T~^ is not continuous, there would exist sequences {?/„} C g) and {.^n! C 36 
such that (i) = Tixn)j (ii) I1 2/n || —> 0, and (iii) || || —)■ co . For an arbitrary 

2/* 6 and the corresponding a;* we have a;*(a;n) = 2/*(2/n) 0 when n — > co , 

Since this must hold for every .r* £ X*, it follows from Theorem 2.12.3 that 
II Xn II ^ My against our assumption. Hence T~^iy) is continuous. 

Conversely, if T~‘^(y) exists and is continuous, then for every a;* £ 36* the 
formula x‘^[T~\y)] ^ y'^iy ) , y £ 9i, defines an element of g)*. Further i/[T{x) ] = 
x^[T~'\Tix)]} = .'r*(.^0 so that .r* == ?*(?/*). Since a;* is arbitrary, it follows 
that the range of T* is 3£*. 

Theorem 2.13.6. The closure of the range of the linear hounded transfomialion 
y = T(ix) consists of all points y such that r*( 2 /*) = 6 implies y^{y) == 0. 

Proof. Suppose that 2/0 € §) is such that 2/*(2/o) = 0 for every ?/* satisfying 
T^'iy^) = If Vq is not in then Theorem 2.9.4 shows the existence of a 
functional 2 /tf such that 2 /* ( 2 / 0 ) == l, 2 /o (S!) = 0, If .r* = we have Xo(.r) = 

yt[T{x)] = 0 for all .r £ 36, whence it follows that a'o - B and T'^iyt) — 0. 
By assumption this requires 2/0 {yf} == 0 in contradiction to the definition of yt . 
Hence 2/0 € 

Let % denote the set of points y satisfying the conditions of the problem, 
that is, such that y*{y) == 0 for every y* satisfying ^*( 2 /*) == 6, Since 9fn is 
the intersection of closed sets, is closed. Now suppose that 2/1 £ 31 and that 
T^iy"^) = i9 so that the associated functional rr* = 6. Then 2/*(2/i) ~ x'^ixi) = 
0 where T(xi) - 2/1 • It follows that 3t C 91o and hence % = 3?. 

Wc shall not press the investigation of the properties of the adjoint any further. The 
remaining theorems in this section are concerned with the notion of closed transformations 
and the properties of the inverse. Theorem 2.13,7 (in a slightly less general form with 
'‘bounded’^ instead of “closed”) was proposed by Nelson Dunford in lieu of a previous argu- 
ment of the author’s. 

Definition 2.13.3. A linear transformation is said to be closed in case lim n-^^Xn = 
Xq and lim„.»»co 2/n == 2/o ? '^'llh Xn £ ®, 2/n = T{Xn)i always implies that xo £ 3) 
and T(xq) = 2 / 0 . 

Theorem 2.13.7. If y ^ T{x) is a closed linear transformation whose range 3t 
is of the second category in g), then 

(1) 8? - g); 

(2) there is a constant m > 0 such that to every 2 / £ g) there is an a; £ 3) with 
y = T(x) and 1| a: || ^ m\\y ||; 

(3) if exists then it is bounded. 
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Proof. Since f)f is of the second category in the (B)-space g), there exists 
an open sphere /vo C g) at each point of which is of the second category for 
Int [D (3i)] ^ 0, see section 1.2. Let r > 0 be fixed but arbitrary, let S be 
the sphere || .r || < r, and set 5Di = ® fl S, Then 

n Zo = U [Tiin^x) n Ko] 

1 


and there is an integer n for which H lu is of the second category. 

Hence there is an open sphere K CZ Kq at each point of which is of the 

second category. Since D{X) C X, we have r(Jn3)i) ID K. Hence 


1 


mT:i) ZD T(iS)i) -- T(i©0 3 y(JS)a) -- => Si 


n 


where Si is an open sphere, || ^ || < n say. It follows that 

(2.13.2) . 2^(2-w^S)j) r) = 0, 1, 2, 


Let y be an arbitrary point of ;Si . Using (2.13.2) wdth h == 0, we can find 
a point Xi £ 2"*^3)i such that 

11?/ “■ T(a:a) II < 2*^Vi, ||a;i|l < 2'“V. 

Since 2/ ~ T{xi) 6 2““^Ni , we can use (2.13.2) with k == 1 to pick a point 
Xo G 2'^3)i such that 

II 2/ - T(xi) - T(x,) II < 2 ~V, II 0:2 H < 2 ^V. 

By using (2.13.2) repeatedly in this manner, we obtain a sequence {xn} G 3)i 
with 

II y - T{xi) T(xn) II = II ?y - T(J2 Xu) || < 2"”ri , || .t„ || < 2"V. 

1 - , 

Upon setting Sn = xu , we see that (i) Sn G Si , (ii) lim„_^oo Sn — x exists 
and is in S, (iii) lim„-.*oo T(sn) = 2/- Since T is closed it follows that x G Si 
and y = T(x). 

Thus we have shown that the image T(Si) contains a sphere Si with center 
at 6. Statement (1) is an immediate consequence of this fact. Statement (2) 
follows by taking m = 2r/ri for if 2 / G S we have Tiy/{2 1| 2 / l|) G and hence 
there is an 0:0 G ©1 such that || :ro || < r, Tiy/{2 \ \y \\) = T(xq) and thus, if 
X = (2 II 2 / II /n)xo we have y = T{x) and || .r || S {2>rfr^ \\y ||. Statement 
(3) follows from (2) and Theorem 2.13.1. This completes the proof. 


Corollary. If y = T(x) is a linear bonneted transformation mapping 3£ in 
a one-to-one manner onto g), then the inverse is also hounded. 


For a bounded transformation is closed. 


If in addition to the assumptions of Theorem 2.13.7 we know that 3) = 36, then we can 
concliule that T is bounded. This follows from Theorem 2.13.9 below but can also be proved 
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as follows. If T has an inverse, we have merely to apply the theorem to in order to 
see that = P is bounded. We can reduce the general case to this particular one 

by a device which may be useful also for other purposes. We say that xi and X 2 belong to 
the same equivalence class f modulo Y, if T{xi) « Tix 2 ). Since T is defined for all x and is 
closed, every x belongs to a unique equivalence class X and these classes are closed point 
sets in The equivalence classes form a linear system in the sense of Definition 1.9.1 
and this system can be made into a (B) -space Xo by defining || X || - inf || a; ||, 3; 6 X. 

Cf . the proof of Theorem 22. 11. 4 (the Gelfand-Neumark metric) ; the idea of metrizing equiv- 
alence classes in metric spaces is due to S. Banach [2, p. 232] and F. Hausdorff. To the 
transformation T on 3£ to 2) corresponds a transformation To on ^0 to g) defined by To(X) = 
T{x) for rc G X. Since T is closed, so is To * Further exists since Tq{X) = 0 if 
and only ii X ^ d. Theorem 2.13.7 then applies to T^^ and shows that To is bounded. If 
X and z are elements of X, we have 

\\T(x)\\ = ||To(X)|| ^ M||X|| = Mmf\\z\\ ^ M\\x\U 
so that T is also bounded. 

Tseorem 2.13.8. If a linear system can be made into a (B)-space by two 
different choices of a norm, \ \x | |i and 1 1 rc 1 12 , such a manner that limn-^co 1 1 1 12 == 

0 always implies || ||i — 0, then the corresponding notions of con- 

vergence are equivalent and for x 9 ^ d we have 0 < m ^ \\x II 2 /II x\\i ^ M < co , 
where m and M are independent of x. 

Proof. This is an immediate consequence of the corollary of the preceding 
theorem if one takes for 'K and 2) the (B)-spaces corresponding to the two norms * 
and sets Tix) = x. 

We come finally to the closed graph theorem. 

Theorem 2.13.9. A closed linear transformation which is defined everywhere 
in X is bounded. 

Proof. We introduce a second norm in X by putting || ir II 2 == || a; || + 

1 1 T{x) 1 1, 1 1 a; I |i = 1 1 1 1 . This definition leads to a new metric in Hi and we shall 

show that the space remains complete. Suppose that lirnm.n || 0 ;^ — a;« II 2 = 0. 
This implies lim^.n || Xm — Xn ||i = 0 and lim^.n || T{xv) ~ Tiscf) || = 0. Since 
both X and §) are complete, there are points xq G Xj 2/0 € ?) such that || Xn 
^0 111 0, II T(xn) — 2 / 0 II 0. T(x) being closed, we have T{xq) = 2/0 * It 

follows that I) .'Tto — II 2 0, so that X is a (B)-space also in the second metric. 
Since || a; ||i g || ^ II 2 ? the assumptions of the preceding theorem are satisfied 
and the resulting inequality || a; |[2 S Af* || a; ||i asserts that T{x) is bounded. 

The graph of the transformation y = T{x) is the point set [a;, r(a;)], a; 6 S), 
in the product space X X §). We norm the latter by setting || (a;, y) \\ — 

II ^ il + II 2/ II* Definition 2.13.3 then gives 

Theorem 2.13.10. A transformation is closed if and only if its graph is closed. 

If exists, we see that the graph may also be written in the form 
[T~'^(2/)> !/]j 2/ € This observation leads to 

Theorem 2.13.11. If a closed linear transformation has an inverse^ the inverse is 
also closed. 
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2.14. Resolvents and spectra. In the present section we consider a linear 
transformation, not necessarily bounded, whose domain S) and range are 
located in the same complex (B)-space X. We shall make a preliminary study of 
the spectral properties of T. The resolvent will be studied in more detail and 
from a different angle in §5.3. 

The transformation Tx = X/ — T, where X is an arbitrary complex number 
and I is the identity transformation, is also defined in S). Its range will be 
denoted by 8Jx . The distribution of the values of X for which Tx has an inverse 
and the properties of the inverse when it exists are basic in the description of T. 

Definition 2.14.1. The values of X for which T\ has a hounded inverse Rx = 
R{\)T) with domain dense in deform the resolvent set p(T) of T, R(\; T) is called 
the resolvent of T. The values of X for which T\ has an unbounded inverse with 
domain dense in X form the continuous spectrum Ca{T), The values of X for 
which Tx has an inverse whose domain is not dense in diform the residual spectrum 
R(t{T) . The values of X for which no inverse exists form the point spectrum P(t(T). 
The union of Ccr{T)^ P<r{T)^ and R(j{T) is the spectrum <t{T) of T. 

The definition gives 

• Theorem 2.14.1. The four sets p(!r), (7(r(T), P<r{T)y and Rcr(T) are mutually 
exclusive and their union is the complex plane. 

It should be noted that 9tx , the range of T\ , is dense in X if X 6 p(!r) U C7cr(T), 
non-dense if X 6 R(t{T)^ and is not subjected to any restriction if X 6 P(r{T). 
Statement (2.13.1) gives 

Theorem 2.14.2. A necessary and sufficient condition that Xo € P(x(T) is 
that the equation T{x) ~ Xoo: have a solution x 9 ^ 0 . 

Definition 2.14.2. 7/Xo G P(t{T)^ then Xo is called a characteristic value of T 
and if T{x) = Xoo;, x 9 ^ d, then x is a characteristic element {vector) of T; it is 
normalized if \\x\\ = 1. The least closed linear manifold SD?(Xo ; T) containing 
the characteristic elements corresponding to Xo is called the characteristic manifold 
of T corresponding to the value Xo . 

In connection with these notions the reader should consult Definitions 14.6.1 
and 15.5.1 below. 

Theorem 2.14.3. 7/Xo G C(x{T), there exists a sequence {xn} G S) such that 
(i) II II = 1, (ii) || Txo {xf) 1| 0. 

This follows from Theorem 2.13.1. On the other hand, the existence of such 
a sequence indicates merely that Xo G (f{T) but not necessarily to C(j{T) , 

The change of the spectrum under extensions of T is important. If T® is 
an extension with domain then Tx = X7 is an extension of Tx and if 
their ranges are 9?x and 5)?x respectively, then SD c: S)o , 9tx C 91x * If Tx has an 
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inverse, so does , and (ft) ^ is an extension of (Tx) ^ On the other hand, 
the existence of does not imply that of 

Theoebm 2.14.4. If is an extension of T, then Pa{,T) ^ PciT'^) and 
5D?(Xo; T) g 9K(Xo; T") for every Xo e ' P<t(T). Further, R<t(T) 3 Rc(T0), 
C<r(T) g CaifO) U Paifo), and p(T») g p{T) U Ra{T). 

Proof. The first statement is obvious. If X 6 R(t{T^), then (?x)““ exists 
and 9fx is non-dense in J. Hence (Tx)"^ also exists and Six is non-dense. This 
proves R(t{T) 3 Rc^TP). On the other hand, a point in R<i{T) may very well 
turn up in any one of the four sets associated with T°. If X g Cct(T), then 
9fx § 9fx and both are dense in 3£; (Tx)~^ either does not exist or is unbounded 
since is unbounded. Finally, if X 6 p(r°) , then (Tx)"' exists as a bounded 
transformation and Six is dense in -6. It follows that (Tx)'* also exists and is 
bounded, but its domain may be non-dense. This proves the last statement. 
Conversely, a point in p(r) may turn up in any one of the sets associated with 
r® except in RaiT^). 

Thus an extension may enlarge the point spectrum. No characteristic value is ever 
lost, existing ones may get their characteristic manifolds enlarged but never contracted. 
New characteristic values may be generated from p(T) or by transfer from the rest of 
<r(T) . The continuous spectrum may suffer losses to the point spectrum but may gain from 
the residual spectrum or from the resolvent set of T, Finally, the residual spectrum 
never gains and the resolvent set can gain only from the residual spectrum. 

Anticipating a result of the discussion in sections 5.8 and 6.14 we state 

Theobem 2.14.5. The resolvent set is opeii and the spectrum is never vacuous 
in the extended complex plane. 

It may happen, however, that the whole finite plane belongs to the resolvent 
set. In this case the point at infinity is assigned to the spectrum. This will 
be justified later. 

References. Banach [1, 2], Lorch [2], Schauder [1], Stone [2], Taylor [2]. 


5. Spaces op Endomorphisms 

2.15. The Banach algebra of endomorphisms. The family of all linear 
bounded transformations on a (B) -space to itself is one of the most important 
instances of a Banach algebra in the sense of Definition 1.14.1. We introduce 

Definition 2.15.1. A linear hounded transformation on a {Byspace 36 to itself 
will be called an endomorphism of 3£. 
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This use of the term is sufficiently close to modern usage in abstract algebra 
so that no confusion is likely to arise. 

Definition 2.15.2. If T, Ti , and are endomorphisms of X, then Tx + 7^2, 
aT for oj G and T 1 T 2 are defined for all x by 

(Tx + T 2 )(x) = Tx{x) + T 2 (x), (aT)(x) - aT(x), (TxTf)(x) = ^ 11 ^ 2 ( 0 ;)]. 

Theorem 2.15.1. If T, Ti , and T 2 are endomorphisms ofX, so are Ti + T 2 , 
aT, and Tx T 2 . Further 

\\T^ + T,\\ g iiTiii + Iir.ii, Ii«r|| = |a|||r||, 

II M II g II rilllir.il. 

Phoof. This is obvious. 

Theorem 2.15.2. The set of all endomorphisms of X forms a Banach algebra 
@(36) which is normally non-commutative and has the identity transformation as 
unit element. 

Proof. It is understood that the algebraic operations in @(36) are defined 
by Definition 2.15.2 and that the norm is defined by || r || = sup || T{x) ||, 
II a; II g 1, as usual. The only point that calls for comment is the completeness 
of the space. Let {r„} be a Cauchy sequence and set = \\Tm — r„ ||. 
Since || Tm{x) — Tn{x) 1| ^ Smn || a; || and 36 is complete, the sequence [r„(a;)} 
converges for all a: to a limit Ta{x) when n —> oo. If dm„ g « for m,n > N, we 
have II r„(a:) — Tnix) 1| g e || a; || and || r„ — To || ^ e. It follows that when 
n — »• 00 we have 1| r„ — To || — »• 0 and @(X) is complete. 

We call @(36) the Banach algebra of endomorphisms of 36. 

If r is a fixed element of @(36) , a polynomial in r is of the form 

ao/ + E 3* = rr*-* , 

1 

The set of all such polynomials in a fixed T is a commutative subalgebra of 
(g(X) and so is its closure. 

In the following the terms operator and operation will often be used as syno- 
nyms for transformation. 

2.16. The strong and the weak topologies. The system of all endomor- 
phisms of X was made into a Banach algebra in the preceding section by the intro- 
duction of the normed topology, in this connection usually referred to as the uni- 
form topology. Following J. von Neumann [3] we may also introduce the strong 
and the weak topologies. The resulting topological algebras will be denoted by 
and respectively. They are not Hausdorff algebras in the sense of 
Definition 1.13.1 because Postulate MH does not hold, though they are Hans- 
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dorff spaces and Postulates AH and SH are satisfied. These topologies cor- 
respond to well-known definitions of convergence. 

Definition 2.16.1. (1) The sequence [Tn] of endomorphisms of 3E converges 
strongly if lirn^.n-vw || — Tt^[x) || = 0 and converges strongly to the endo- 

morphism Tq if linin-^oo II Tnix) — Tq{x) II = 0 for all X, (2) The sequence con- 
verges weakly if liinm,n-.-» | x'^lTmix)] — ] | = 0 and it converges weahly to 

To ^71imn-.co I x'^lTnix)] — x’^lToix)] I = 0/or all a; 6 X cmd all £ X*. 

The corresponding neighborhood topologies are defined in a manner analogous 
to the procedure used in section 2.11 for introducing the weak neighborhoods in 
X. A strong neighborhood of To is any set ^[7^0 ;xi , * • • , 0 ;^ ; e] which is made 
up of all operators T such that 

II Tixk) — To{xk) II < €, fc = 1, ••• , n, 

where Xi, • • • , rcn are n arbitrary elements of 36. Similarly a weak neighborhood 
is any set iV'[!ro I xi , * * • , Xn ;xt j • • • , x* ; e] made up of the T^s satisfying 

I xt[TiXi)] - xtlToixi)] I < e, /c = 1 , • • • , n, 

where Xi , • • • , and xi , • • ^ , Xn are arbitrary elements of 36 and 96* respec- 
tively. The set of ail neighborhoods is obtained by varying Tq , e, Xh , and 
Xk over their domains of definition. We leave to the reader the verification of 
the fact that these two types of neighborhoods satisfy the Hausdorff axioms 
and that Postulates AH and SH of Definitions 1.8.1 and 1.10.1 hold as well. 
On the other hand, multiplication is continuous merely with respect to one factor 
at the time. 

Theorem 2.16.1. Sa(S) is strongly complete in the sense that every strongly 
convergent sequence [Tn] converges strongly to an element of the space. 

Proof. Since ^ is complete, || Tm{x) — Tnix) || --> 0 for all x when m,n-^ ^ 
implies the existence of a Tq{x) such that || TJ^x) — Tq{x) || — > 0 for all x. By 
Theorem 2.12.2 there is an M with || |1 ^ M for all n and consequently 

II To II g ikfsothatTo e e.(X). 

Definition 2.16.2, is said to be weakly complete if every weakly con- 

vergent sequence m CSw(X) converges weakly to an element of the space. 

Reference, v. Neumann [3]. 



CHAPTER III 

VECTOR-VALUED FUNCTIONS 

3.1. Orientation. This chapter is devoted to an exposition of the theory 
of functions of real or complex variables having values in a {B) -space. In §2.3 
we considered functionals, that is, functions on vectors to numbers; here the 
dependence is reversed and we are concerned with functions on numbers to 
vectors. Related questions for functions having values in a Banach algebra 
are discussed in Chapter V if the operation of multiplication enters in the prob- 
lem in an essential manner, otherwise they are included in the present chapter. 
The exposition still leans heavily on the work of other writers; material has 
been selected with a view of providing an account of the general ideas as well 
as the special results which will be needed in Part Two of this treatise. Neither 
the text nor the References aim at completeness. The paragraph headings: 
Abstract Integration and Complex Function Theory, indicate the main themes. 


1. Abstract Integration 

3.2. Ftmctions and measure. Let Eu be the /c-dimensional euclidean space, 
S a measurable set in Ek , and x — a;(G:) a mapping of S onto a set in a (B)- 
space 36. Thus, to every point a = (ai , • * • , a*) of S corresponds a unique 
vector rr(o:) in 9'J so that a:(ci:) is a function on number /c-tuples to vectors. Our 
first task in the study of such a function is to discuss the notion of measurability. 
Actually there are several such notions and a number of definitions are required 
at the outset. 

Definition 3.2.1. Let a;(o:) and be functions on S to H. The sequence 

{a;n(a)} converges to x{a) in S 

(1) almost uniformly if to every e > 0 there is a set C S with 7n{Sf) < e 
and to every 5 > 0 an integer n{d) such that || .t(o:) — rr/,(ck:)|| < d for ol ^ S — Se 
and n > n'(5); 

(2) almost everywhere if there exists a null set So in S such that \ \ x{ol) — :rn(o:) 1 1 
-^0 for oc ^ 8 — /So when n co ; 

(3) in measure if for every e > ^ the outer measure of the subset of 8 where 
II x(a) — Xn{oi) II > € tends to zero when co , 

Theorem 3.2.1. The three types of convergence in the precedmg definition are 
related as follows: (1) implies (2) and (3) if\\x (a) — Xn (a) \ \ is measurable, and if 
m {S)< CO then (2) implies (1) and (3); (3) does not imply convergence anywhere. 

35 
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The proof goes as in the numerically- valued case and is omitted here. 

Definition 3.2.2. (1) x{oi) is said io he finitely-valued if it is conslanion each 

of a finite number of disjoint measurable sets Sj with S = UiSy . (2) It is a simple 

function if it is finitely -valued and the set where n;(a) ^ 0 is of finite measure. 
(3) x{oi) is countably-valued if it assumes at most a countable set of values in H 
each on a measurable set Sj . 

Definition 3.2.3, .^(a) is said to he separably-valued if its range 5R = x{S) 
is separable. It is almost separably-valued if there exists a null set Sq in S such 
that x{S — aSo) is separable. 

DefiiNITIon 3.2.4, (1) .^(a) is said io be weakly measurable in S if ,T*[a;(Q:)] 

is measurable (Lebesgue) in S for every x* G S*. (2) a;(a) is strongly measur- 
able (Bochner) if there exists a sequence of countably-valued functions converging 
almost uniformly in S to x((x). 

If m{S) < CO we may replace ^^countably-valued'^ by “finitely- valued" in 
part (2) of the last definition. These various notions are connected by the 
following theorem due to B. J. Pettis [1], 

Theorem 3.2.2. .T(a) is strongly measurable in S if and only if it is weakly 
measurable and almost separably-valued. 

Proof. We start with the necessity. If x{k) is strongly measurable, then 
there exists a null set So in S and a sequence {a;n(a)} of countably- valued func- 
tions such that II .t(«) — || — » 0 when n—^coifoc^S — So (cf. Theorem 

3.2.1). If .r* G X*, we have also | a;*[.T(o:)] — a;*[rc,,(a)] | -^ 0 in S - a?o . Plere 
takes on at most a countable set of distinct numerical values, each 
in a measurable set, and is consequently measurable (Lebesgue). Since aj*[a;(a)] 
is the limit almost everywhere of a sequence of measurable functions, it is also 
measurable, so that .^(a) is weakly measurable. 

The values taken on by the functions .Ttt(a) form a countable set and the least 
closed linear manifold containing this set is consequently separable. By as- 
sumption x{S — So) is a subset of this manifold and hence also separable. Thus 
.t(q:) is almost separably- valued. 

We shall next prove that if x{<x) is weakly measurable and almost separably- 
valued, then ||rr(a)|| is measurable (Lebesgue). Without restricting the gen- 
erality, we may assume that .T(a) is actually separably-valued. We can then 
find a countable sequence {Xn} = {a;(a„)} dense in x{S). Now let xt 6 X* 
be the functional such that x*ixn) = || a:,, || and || a;* || = 1. By assumption, 
:r![.T(a)] is measurable (Lebesgue) in S, so that | a;4a;(a)] | and sup„ | a;n[ir(a)] [ ^ 
/(a) have the same property. Here /(«) g || .t(o:) j| for all a and we have 
equality at least for a = . However, for a and any given € > 0 Ave 
mayfindannsuch that l!:r(aj || > ||a*(a) || - e. We have then /(a) ^ |a;n[a;(a)] j ^ 

I a;n[a;(0] I - I - a;(a:„)] I > ||.t(q:) |1 - 2e. Hence /(a) = ||a;(o:)l| 

for all a and || a:(«:)|| is measurable. 
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We shall now show that under the same assumptions x(q:) may be approxi- 
mated uniformly by countably-valued functions. We note first, by virtue of 
the result just proved, that each of the functions || x{a) — Xn || is measurable 
(Lebes.a;ue). If m is a fixed positive integer, each of the sets S^n where 
II x{a) — II < l/in measurable and non- vacuous and Un Smn = S since 
{Xn} is dense in x{S), We now set Sn^ = Sna and SLn = for 

71 > 1. Then the sets SLn are disjoint, measurable, and their union is S. 

Defining XmM = in SLi , m, n = .1, 2, 3, • • • , one sees that :im(ck:) is a 
countablj’-- valued function and || x{oc) — || < l/in for all m and all a. 

Hence x{o:) is the uniform limit of countably-valued functions and consequently 
strongly measurable. This completes the proof. 

This theorem has interesting 

Corollaries. (1) 7/ X is separable, strong aiid weak measurahilily are equi- 
valent notions. (2) A function x(cc) is strongly measurable if and only if it is 
the uniform limit almost everyxohere of a sequence of countably -valued functions. 

Strongly measurable functions have analogous properties to functions mea- 
surable (Lebesgue). 

Theorem 3.2.3. (1) If x{a) and ?/(«)' are strongly measurable in S and yi , 

72 are constants, then 7 ix(a) + j 2 yM is strongly measurable. (2) If fia) is a 
finite numerically -valued function which is measurable (Lebesgue), then f{ci)x((x) 
is strongly measurable if x(a) has this property. (3) If a;(a) is the limit almost 
everywhere of a sequence of strongly measurable functions, then .'r(a) is strongly 
7neasurable. (4) The same conclusion is valid if in (3) the word ^%mit^^ {that is, 
strong limit) is replaced by ^^weak limit. (5) The conclusion is also valid if ^ limit 
almost everywhere” is replaced by ^Himit in measure.” 

Proof. We shall give merely brief indications of the argument. (1) follows 
directly from Definition 3.2.4. (2) follows in the same manner if one keeps in 

mind that /(a) is the limit almost every^vhere of countably-valued numerical 
functions. (3) If a;(a) is the limit almost everywhere of the sequence {a:w(«) } 
of strongly measurable functions, then each is wealdy measurable and 

almost separably- valued so that the limit a;(a:) has the same properties and is, 
hence, strongly measurable. (4) This follows from the fact that weak conver- 
gence of rCn(a) to .r(a) (that is, convergence of n;*[.Tn(a)] to n;*[a;(a)] for all rr* 
g X*) implies strong convergence tore (a) of a sequence of suitably chosen linear 
combinations of the nv(a). See S. Banach [2, p. 134]. (5) If rtv(a) converges 
in measure to :r(a), then there exists a subsequence which converges strongly 
to a;(Q:) almost everywhere. 

Ordinarily rr(a:)2/(a) does not have a meaning in (B)-spaces, but if 36 is a Banach 
algebra and not merely a Banach space, then the product is well defined and 
is strongly measurable whenever the factors have this property. 

3.3. Operator functions and measure. The considerations of the preceding 
section apply also to the case in which a;(ci:) is an element of a Banach algebra of 
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endomorphisms. But in this case a new set of conventions is more appropriate 
for the applications. 

Definition 3.3.1. Let U = ?7(a) be a 'Junction on a set Sin a k-dimensional 
euclidean space Ei to SCX), the Banach algebra of endomorphisms of a {B)-space X. 
Then U{oi) will he called an operator function in 

Definition 3.3.2. (1) The operator function UM is said to he uniformly 

measurable in S if there exists a sequence of countably-valued operator functions 
in S(X) converging uniformly to Uia), uniformly with respect to a except in a null 
set. (2) U(oi) is strongly measurable in S if the vector function Uia)[x] is strongly 
measurable in the sense of Definition 3.2.4 ' (2) for all a; £ X. (3) U{a) is weakly 
measurable in S if x'^lUMlx]] is measurable (Lebesgue) for all a; £ X, a;* £ S’*". 

The reader should observe that in part (1) the first and second ^^uniformly^' 
refer to the topology while the third refers to a. In other words, there should 
exist a null set Sq , possibly void, a sequence { UnM } of countably-valued 
functions in @(3£), and to every e > 0 an n{e) such that 1| i7(«) — Uniof) |1 
< € for « E S — So and n > n{e). 

The connection between the three different types of measurability is given 
by the following theorem due to N. Dunford: 

Theoeem 3.3.1. A necessary and sufficient condition that U{a) be (1) strongly 
measurable is that Uioi) he weakly measurable and that C/(a)[a;] be almost separably- 
valued in ?ifor all a; £ 3£; (2) uniformly measurable is that XJ{ot) he weakly measur- 
able and almost separably-valued in @(X) . 

Peoof. Part (1) is an immediate consequence of Theorem 3.2.2 and Defini- 
tion 3.3.2 (2). The proof of part (2) follows the same lines as the proof of 
Theorem 3.2.2 and it is only in the proof of the measurability of H U'(a) || that 
any modifications are necessary. It should be noted first that if !7(a) is almost 
separably- valued in (S(3£), then Z7(a:)[a;] is almost separably- valued in H for all x. 
Thus the first conclusion from the assumptions in part (2) is that XJ{a) is strongly 
measurable. In order to prove that || U{ct) || is measurable we argue as follows. 
Without restricting the generality we may assume that TJ{S) is separable. 
There is then a countable set {Un] = dense in 11(8). To every n 

we can find a sequence {x^m] such that (i) || x^n li = 1 and (ii) [j Uiaf) [x^n] || 
II U{oLn) 11 1/m. All the functions ] \U{a)[Xmn] jj are measurable (Lebesgue) 

since U{(f) is strongly measurable. Hence F{g>) s supm,« || U{oi) [xmn] i| 
is also measurable and Fioi) g || UM H for all a. Actually equality holds 
at least for 01 = 0 :^. However, for an q: we may choose an n = such 

that II U{a) - [/(«„) II < 1/m. Then 

FM a \\UM[x^n]\\ \\UM[x^n]\\ - II {6» -- 

> 11 UM 11 - 2/m > II U{ci) 11 - 3/m 
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for every m. Hence F(ol) = || !7(o:) || for all a: and 1| U{a) 1| is measurable. 
The proof is then completed as in Theorem 3.2.2. 

3.4. Remarks on other properties. All function theory is based upon limiting 
processes, that is, ultimately upon a notion of convergence. In a (B)-space 
we have at least two such notions at our disposal, in a Banach algebra of endo- 
morphisms at least three. This fact reflects itself in a corresponding multipli- 
city of all other concepts. This was illustrated above in the case of measur- 
ability. Other instances of importance for our later purposes are listed below 
for future reference. 

Definition 3.4.1. A vector function a;(o:) on S to a {B)-space 36 is (1) weakly 
continuous at a = aoiflima^ao \ a;*[a;(a) -- xiao)] | = 0 for all x* £ 96*', (2) strongly 
continuous iflima^aQ || ir(a) — a;(ao) || = 0. 

Definition 3.4.2. An operator function Uia) on S to @(X) is (1) weakly 
continuous at a — clq if lima^aQ | rr*{[l[7(a) — l7(ao)](ic)} \ = 0 for all a; G 
X* 6 36*, (2) strongly continuous if lima-.«o II — Ui<XQ)]{x) || = 0 for all 

X ^ and (3) uniformly continuous lima-^ao II C7(a) — J7(ao) || == 0. 

Definition 3.4.3. A vector function xijf) on the interval ($i , ^2) to the {B)-space 
36 is weakly {strongly) differentiable at ^ if there is an element ^'(^ 0 ) 6 X 

such that the difference quotient a'\x{^Q + a) — x{^q)] tends weakly {strongly) to 
when a — > 0. We call the weak {strong) derivative of x{i) at . 

The extension to partial derivatives of functions of several variables is ob- 
vious. In the case of operator functions f7(?) we have a third possibility, that 
of uniform differentiability ‘whOiTi || or\U{^o + «) — ?7(fo)] U\^o) |1 — >0 witha. 

A weakly {strongly^ uniformly) differentiable function is evidently weakly {strongly, 
uniformly) continuous. 

Theorem 3.4.1. If the weak derivative of equals 6 everywhere in (^1 , ^2), 
then x{^) is a constant. 

Proof. The assumption implies dx*[x{^)]/d^ = 0 and hence x*[x{0] = 
x*[a;(^o)] for all a;*, fo fixed in ($ 1 , Q. By Theorem 2.10.4, x{0 == oo{^q) for all f. 

Definition 3.4.4. A vector function x{^) on the closed interval , ;^2] to the 
{B)-space 96 is of (1) weakly hounded variation in , J2] if is of bounded 

variation for every x* C 96*, (2) bounded variation if sup il S [a;(i9i) - ^{<xi)] II 
< 00 for every choice of a finite number of non-overlapping intervals {ai , 
i^ j ^ 2 ], and (3) strongly bounded variation if sup X) II ^{on-i) H < , 

where all possible partitions of [?i , fg] ojre allowed. 2 he two suprema are known 
as the total and the strong total variations respectively. 
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Theorem 3.4.2. A function of weakly bounded variation is of bounded varia- 
tion (but not necessarily of strongly bounded variation) , 

For a proof see Theorem 12 of N. Dunford's paper [3]. 

Weak and strong forms of a function theoretical property are never independent. If 
the definitions are properly made, a stronger form always implies a weaker one. It some- 
times happens that the converse is true so that the two forms are actually equivalent. This 
may be due either to the character of the space or to the character of the property in ques- 
tion. The first possibility is illustrated by Theorem 3.2.2 according to which weak and 
strong measurability coincide in separable spaces. An example of the second possibility 
is afforded by Theorem 3.4.2 above. Still another will be found in Theorem 3.9.1 below 
which asserts that all notions of holomorphism coincide for operator functions regardless 
of the character of the space. Here even the weakest form of the property in question 
requires such stringent cohesion between the values of the function that the strong and 
uniform conditions are satisfied automatically. A number of interesting instances in 
which a weaker property implies a strong form of the property has been found by N. Dun- 
ford (see the paper quoted above). 

We list some conventions concerning infinite series with terms in a (B)-space. 
Such a series will be said to converge strongly (weakly) to the sum s if the partial 
sums converge strongly (weakly) to s. The series ^ Un is said to be absolutely 
convergent if IKn II converges; an absolutely convergent series is obviously 
strongly convergent. If Un = 'Wn(a), a 6 we have the possibility that the 
strong or weak convergence is uniform with respect to a; formal definitions 
are left to the reader. In the case of series of operator functions 23 Un(^)i 
great care should be taken in distinguishing between various types of uniform 
convergence. Such a series may be convergent in the uniform topology for 
fixed a or it may converge, in one sense or another, uniformly with respect to oc. 
Both phenomena are properly referred to as uniform convergence, but the uni- 
formity is in one case with respect to the elements on the unit sphere of the 
operand space X and in the other with respect to a point variable in a parameter 
space, 

3,5. Integration. The problem of developing a theory of abstract integra- 
tion has attracted many authors during recent years. The Riemann integral 
was extended by L. M. Graves (1927) ; the Lebesgue integral by S. Bochner (1933) , 
G. Birkhoff (1935), N. Dunford (1935--1938; three definitions, the A , Di , and 
D 2 integrals mentioned below), I. Gelfand (1936-1938; two definitions Gi and 
below), and B. J. Pettis (1938). The exact relations betw^een the various ex- 
tensions of the Lebesgue integral are not completely known at the present time. 
It is Icnown, however, that the Bochner and the Do integrals, which are equivalent, 
are the most restrictive and that for strongly measurable functions the Birkhoff, 
the Di , and the Pettis integrals are equivalent. The D 2 and the G 2 integrals 
are equivalent and the most inclusive definitions. Here the integral is no longer 
necessarily an element of the same space as the integrand but always belongs to 
the second adjoint space. We shall give explicit definitions of the Pettis and 
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the Bochner integrals, but devote most of the attention to the latter integral 
which is most important for our purposes. In the terminology of the preceding 
section we could describe the Pettis integral as a weak and the Bochner integral 
as a strong form of the concept ^ integral of an abstract function.” 

Definition 3.5.1. The function a;(a) on S to 'li is integrahle {Pettis) over Sif 
and only if there is an element Xs such that for all a;* 6 

[ a;*[a;(o:)] da = 

where the integral on the left is supposed to exist in the sense of Lcbesgue, By 
definition, 

(P) / a;(a:) da ^ Xa . 

•^8 

Immediate consequences of the definition are: (1) an integrahle function is 
weakly measurable (not necessarily strongly measurable, however), (2) the integral 
is uniquely defined, (3) it is a linear operation on '£ to itself, (4) a simple function 
in the sense of Definition 3.2.2 (2) is integrahle and 

(P) f x(a) da = ^ Xjm{Sj), 

(5) if X is the space of complex numbers, the definition coincides with the Lehesgue 
integral. 

A fundamental property of the integral is contained in 

Theorem 3.5.1. If T is a linear hounded transformation on the {B) -space 
to the {B)-space g) with the same scalar field and if a;(o:) C 36 is integrahle {Pettis) 
over the set S, so is T[x{a)] and 

(P) [ T[x{a)] cla = T[xal 

Proof. This follows from the properties of, the adjoint transformation T*. 
It is required to show that y'* { T[x{a)]} is integrable (Lebesgue) for every ?/* £ §)* 
and that the value of the integral is T[xs]}. .Now to a given G W cor- 
responds a unique 6 X*, rr* = !r*( 2 /*), defined by y''^[T{x)] = a;* (a;), and 

f ?/{r[a;(a)]} da = f rr*[a;(a)] da = = ?y*{Tfe]} 

for every y* as asserted. 

Pettis observed that any definition of an integral of functions 0 ^( 0 ;) on S to X, 
which reduces to the definition of Lebesgue when X is the space of complex 
numbers and has the property of Theorem 3.5.1, is included in his own in the 
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sense that the (P)-integral of n;(a} must also exist and have the same value. 
To see this it is enough to take g) equal to the space of complex numbers. 


There are several alternate ways of introducing the Bochner integral. The 
following approach, which is due to Dunford, involves two steps. 

Definition 3.5.2. A counlably-valued function x{(x) on S to ^ isiniegrahle 
{Bochner) if and only if || x{a) || is integraUe (Lebesgue). By definition 



oo 

23 




The series converges since 


II x{cl) II da = S II II miSj). 

^•1 


Consequently 

^ f || a;(a) j| da. 
for countably- valued functions. Further 


(B) J x{a) da 



da — x^{xf)m{Sj) 


for every 6 X*, the series being absolutely convergent. It follows that the 
(B)- and the (P) -integrals of such functions coincide. 

Definition 3.6.3. A function x{a) on S to is integroble {Bochner) if and 
only if there exists a sequence of countably-valued functions {5;n(a)} converging 
almost uniformly to x{a) and such that 

lim / II Xm{a) — .r„(a) || da = 0. 

By definition 

(B) f x(tt) doc — lim (B) f x„(a) da. 

*^3 n-*oo ^5 

We have to verify that the limit exists and is unique. The existence follows 
from the fact that the integrals in the right member have values in 36 and 
form a Cauchy sequence in view of the inequality 
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Here and in the following we omit the prefix (B) as long as the sense of the 
integral is clear from the context. 

That the limit is independent of the defining sequence is shown by the following 
argument. Let be an admissible sequence, set Xn = f XnMda, x — 

lim Xn , and let x* G X* be an arbitrary linear functional. Then 



when n •— > CO , Since a;*[arn(a)] converges in the mean of order one, and also 
converges almost uniformly to a;*[x(a:)], it converges in the mean of order one 
to This implies that 

x*(x) = [ a;*[a;(a:)] da. 

Now if {ynM] is any other admissible sequence converging to x{a) and yn = 
J yn{a) da, y = lim yn , then by the same argument 

x'^{y) = [ a;*[a;(a)] da. 

■ ■ h 

Since x*{y) = x'^ix) for all x^ 6 36*, we have y = x and the limit is unique. 

Theorem 3.5.2. A necessary and sufficient condition that x{ix)\on S to % he 
integrahle {Bochner) is that x{a) be strongly measurable and that Jg |1 a; (a) \ \ da 

< CO . 

Proof. If x{a) is integrable then it is strongly measurable by virtue of 
Definitions 3.4.2 and 3.5.3. Hence || a;(a) || is measurable (Lebesgue). From 

f I II ^>n(a) II - II rrn(a) 1| | da‘^ [ || x,n(a) — Xnia} |1 da 0 

it follows that || a:n(a) ||, which tends almost uniformly to || a;(a) 1|, also con- 
verges in the mean of order one to || a;(a) || so the latter function is integrable. 

Conversely, if x{a) is strongly measurable and || :r(a) || is integrable, then we 
may find a sequence of countably-valued functions {:rn(a) } converging ahnost. 
uniformly to rr(a) and satisfying the additional condition of converging in the 
mean of order one to a;(a). If m{S) is finite, the latter condition is implied by 
the first, otherwise it may be attained by a suitable modification of the original 
sequence. The existence of such a sequence {xnCa)) implies the integrability- 
of x{a). • ; 

We denote the class of Bochner integrable functions a;(a) on S to 36 by jB(/S ; X) . 
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Theorem 3 . 5 . 3 . If mid G 1) and 71 , 72 arc constants, then 
7ia:i(o:) + 72^2 (a) G and 

^ [7i‘Lif«) + 72^t'2(a)] doL == 7 i Xi(cc) d<t +72 X-,{oi) da. 


Proof. The theorem is true for countably-valued functions and follows 
for the general case by an obvious limiting process. 

We prove similarly 


Theorem 3.5.4. If x(a) G B{S] X), then 

I da j g || rt’(ft) |[ da. 

Theorem 3.5.5. If S = Un^S'„ , Si 0 Sj = 0, thm 
/ x{a) da = X] / r(a) da. 


In other words, the integral is a completely additive Junction of sets. The last 
two theorems together imply that this set function is also absolutely continuous: 

Theorem 3, 5.G. For every x{a) G and to every € > 0 there is a 6 = 

5(6, .r) such that for disjoint s(ds Sn in H the condition '^n{Sn) < <5 implies 

Sn-l II fsn da |j < €. 

It is of fundamental importance for the applications that Theorem 3.5.1 holds 
for {B)4ntegrals. This is sliown as follows. Suppose that a;(a) G B{S; X) 
and that y = T{x) is a linear bounded transformation on 3£ to g). Let {.tn(a)} 
be countably- valued functions in B(B; ?i) such that /.? || .^Ca) — Xnia) || da 
— > 0. We note first that T[x{«)] l)elongs to B(Si §))• Indeed, if .r(«) is almost 
separably-valued so is T\x(a)] and from 2/*ST[.r(a)] j = a;*[x(a)], where a;* = 
we conclude that weak measurability is preserved. Hence 7'[x{a)] 
is also strongly measurable and since || T[xia)] || g |1 T || 1| a’(a) 1|, the norm 
II T[x{a)] II is integrable (Lebesgiic) and finally T[.T(a)] is (B)-integrable. The 
four expressions 

f ,r(«) rf«| , n<«)] (la, T a,-„(a) r/aj , j T[x,{a}] d.a 

then have a sense and define elements of g). Here the third and the fourth 
expressions are obviously equal. Further the third expression converges to 
the first when n—>co since T is continuous, and 
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This proves that 

(3.5.1) T |jf xioi) T[x{a)] dix 

for (B)-integrable functions. 

Since the Bochner integral clearly reduces to the Lebesgiie integral 'when X 
is the space of complex numbers and formula (3.5.1) holds, the remark of Pettis 
quoted above shows that every {B)4ntegrable function is also {P)4ntegrable and 
tile integrals have the same value. 

3.6. Further properties of the integral. We start with convergence in the ndean 
and related questions. ^ , , 

Theokem3.6.1. IfXn(ot) ^ B{S]fi) forallnand ' '' f ' 

lim / 11 rr,n(Q:) — || dot = 0, ’■7’. ' 

w,7i— >■00 Js : • i ' : • i f t ; 

then there exists an element x(q:) 6 B (aS ; X) such that • - . . * • * 

lim / II a:(a) — x^ia) \\ d a = 0. 

71 -►CO dg 

df yi<y) has the same property^ then x{oi) == yia) almost everywhere. 

Proof. Brief indications will suffice since the argument follows closely the 
classical proof. We select a subsequence [xn^ (a)} subject to the condition 


The series 


/ II a;„.(ck:) — Xnicc) || do: < 2 ^ for n > Uj . 


+ Yj [^r-yCo:) — a;„,._i(a:)] 


converges for almost all a since the integral of the sum of the norms converges. 
The sum a) is strongly measurable by Theorem 3. 2. 3 (3) and II a:(o:) || is integ- 
rable. Hence rr(a) 6 B{S', 36). For fixed n the function || Xn^ (a) — Xn{ci) || 
is dominated by a fixed integrable function for all j and [j rrn/a) — rrn(a) |j 
II a;(a:) ~ || for almost all a when ^ > oo . tience 


f II x(a) — Xn ( a ) II da ^ 2' 


for n > Yij 


The uniqueness almost everywhere of the limit is proved by the usual argument. 

In other words, a sequence {a;n(a)} in B(S; 36) which convei'ges in the mean of 
order one converges in the mean of order one to a limit in B{S] 36). This result 
implies 
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Theorem 3.6.2. The set B{S; 36) becomes a {B)-space if the norm of the ele- 
ment x{*) is defined to be 

II ‘^(0 il = f II il 

Definition 3.5.3 shows that countably-valued functions are dense in B{S; 36) 
and this implies in turn that simple functions are also dense. This means that 
the two-valued simple functions [a;(a) = a on Si ^ Q on S — ;Si]/om a fundamental 
set in B{S; 96). This set may be reduced, however, pi'ovided S is a connected 
convex set as we may assume without restricting the generality. A classical 
argument shows that it is sufficient to restrict Si to be an oriented /c-dimensional 
interval, /: (vn < ai < 712 , * * * ,7/n <oik < 7 * 2 ). The corresponding functions 
x{a) = aoR If 0 on S — I form a fundamental set. Such a step function can ob- 
viously be approximated in the mean arbitrarily closely by continuous functions. 
Hence the continuous functions are also dense in B{S; 'X). From this fact we con- 
clude that the functions ofB(S\ X) are continuous in the mean. To simplify the 
formulation we take S = Bu . 

Theorem 3.6.3. If x{a) 6 B[Bk ; 96), them 

lim / II x{(x. 4-n) — a;(o:) || c/a = 0. 

Here x(ol + n) = x(ai + m j * ’ - j + Vk)> An important consequence in 

Theorem 3.6.4. If xia) £ B{Eh ; 96) and /(a) is a hounded numerically-valued 
measurable function, then 

vOO ^ [ fMxia + 5 ) da 

is a continuous function of ?• 

Proof. The integral obviously exists and defines an element of X. If 
I /(a) \ ^ M we have 

II y(K + n) - y{0 II ^ f i /(a) | || a;(a + ? -f n) — .i;(a + 0 || da 

= df f II a:(6 + n) — a;(6) || d^ 0 with n. 

In addition to the class B{Si X) == BiiS; X), mention should be made of the 
classes Bp{S; 'X), 1 < p < 00 , A function a;(a) on S to X belongs to Bp{S; X) 
if x{ci) is strongly measurable in S and fa || x{oc) \\^ da < co . Similarly cr(a) £ 
■5oo(^ I'lOfif x(a) is strongly measurable and 1 1 a;(a) 1 1 is hounded except in a null set. 
The class Bp(S; X) heco^nes a (B) -space under the norm 


\\xi-) Il„ = ess. sup ||a;(a) ||. 
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The obvious generalizations of Theorems 3.6.1, 3.6.3, and 3.6.4 also are valid. 
In the last theorem we have now to suppose that /(a) 6 Lp>{Eji) where 1/p + 
1/p' = 1 . The analogy between the spaces Lp(>S) and £^(>3; 3£) is not complete, 
however; in particular, classical Fourier analysis does not carry over without 
serious impairment. 

We return to B{Ek ; X). The question of differentiability of the indefinite 
integral is of paramount importance. Let a;(a) G B{Ek ; 36), let C(?, 7 ) be the 
cube 

— 7 < + T, • * * J — 7 < + 7, 

and put 

<p{^] 7 ) = ( 27 )'“^' f da. 

Theorem 3.6.5. For almost all ? 

Iim^-.o^(a;; 5, 7 ) = 

Proof. The theorem is obviously true for continuous functions. Let 
{a;n(«)} be a sequence of continuous functions in B{Ek ; 3£) tending to .i?(a) for 
almost aU a. For fixed n 

lim sup II <p{x] 7 ) - II ^ hna sup (p (|l rr - Xn |l; 7 ) 

7—^0 7~+0 

+ lim sup |l'p(a:„; ?, 7 ) - H + \\x{i) - x„{i) j]. 

7-^0 

The first term on the right equals 1 1 aj(?) — .^*»(?) \ ] for almost all ^ by the classical 
theorem of Lebesgue and the second term is zero for all ^ since Xni^O is continu- 
ous. Hence for all n and almost all ? 

lim sup \\<p{x] ^, 7 ) - ^(0 II ^ 2\\x{!0 - Xn{^) l|. 

7-*0 

But when co , the right-hand side tends to zero for almost all Hence 
lim sup II cp{x; 7 ) - x(l0 H = 0 

7-^0 

for almost all 5 and the theorem is proved. 

In this theorem we may replace the cube C(5, 7) by certain other measurable 
point sets S{^, 7 ) which shrink to the point 5 When 7 0. The quantity ( 27 )^ 

IS then to be replaced by 7)]. If fc == 1, we may take in particular either 

of the intervals — 7, ?) or (^, f + 7 ) • This leads to the following 

CoROLEARy. If x{a) C B{Ei ; 36), then for almost all ? 

1 

lim - / x(a) da = x(J). 

7-0 7 
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It is also possible to prove the sharper statement: 

1 rt+T 

(3.6.1) ' lim - / II x{ot) — a:(^) || rfa = 0 

7^0 7 

/or aZmos^ all For a proof, see pp. 271-272 of Bochner’s article. 

'The classical theorem of Lebesgue on passage to the limit under the sign of 
integration holds for (B)-integrals. 

Theorem 3.6.6. If Xn{<x) G B{S; 3£) for all n and converges almost uniformly 
to a limit function x{oi) and if there exists a fixed function F(a) G L{S) such that 
II II ^ F(a) for all n and a, then x{ol) G B{S; 36) and 

lim / a:„(a:) da = / a;(a) da, 

n->oo *'5 

The proof may be left to the reader. We see in particular that the conclusion 
is valid if a;. 4 (a) converges boundedly to x{a) and the measure of S is finite. Another 
sufficient condition is that Xn{^ converges in the mean of order one to x{a), 

' ^Finally we mention that the Fubini theorem holds for (B) -integrals. We shall 
make occasional use of this theorem in the following formulation : 

Theorem 3.6.7. If x{a, 6) is a strongly measurable function of (a, 6) == (ai , 

• • • , , /3i , • • • , i8«), then x{a, (5) G B(Em+n ; if there is a function y{a, 5) = 

5) foT almost all («, g) such that 

[if l|y(«, 8) ^^6 

exists. In this case 

I x(aj g) dcK rfg = f y(a, g) da dg 

*'JSm.+n *^^in+n 

= f I f y{a, 5) d«l d? = f I [ y(a, ?) da. 

3*7* Singular integrals. A considerable body of the classical theory ol 
singular integrals carries over to the case of vector- valued functions. We shall 
state several theorems concerning such integrals with brief indications of the 
proofs which follow standard patterns. Throughout the discussion the kernel 
a; co) is a numerically-valued function defined for — oo < J, oj < co , w > 0, 
measurable in (^, a) as well as in f and a separately for all values of the other 
variable. We set 

(3.7.1) w) ~ f jK(|, a; o))x(a) da, 

wffiere x[a) is vector-valued and the existence of the integral will be* ensured by 
further assumptions. 
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Theorem 3 . 7 . 1 . Let Ki^, a; w) satisfy the conditions'. 

(1) X(|, a] w) e Lt{Ei) as a function of ^ for all a and as a function of a for all f 
when CO is fixed but arbitrary, 

( 2 ) Jej 1 Ki^, a; co) 1 d? ^ A for all a and co; 

( 3 ) lim “-•co I a) co) I df = 0 for every open interval I containing a\ 

( 4 ) ft K{^, a-, os) da = 1 for every open interval I containing J. 

If x{,a) 6 BiiEi ; X), then 

(i) x{^-, os) exists for almost all ^ and belongs to BfiEi ; X) ; 

(ii) l|a;(- ; co) l|i ^ A || x{-) ||i ; 

(iii) l|a;(-) - xi- ; co) ||i = 0 . 

Proof. The measurability assumptions ensure that the integrand in (3.7.1) 
is a strongly measurable function of a for all | and co. That 1 Ki^, a; co) | || x{a) || 
is integrable follows from the Fubini theorem by virtue of the inequality 

L {fe ^ ^ II 111 

which is implied by (1) and ( 2 ). This proves (i) and (ii). If x(a) is the step 
function a:i(a) = a in I and 6 outside, m(T) < oo , then 

11 a;i(- ) — M' ; “) 111 = 11 ^ II ^ I ^ a; os) da — 1 1 d^ 

+ II ® 11 f If B:(^, a] (o) da df. 

Both terms on the right tend to zero when co — » oo by virtue of conditions (4) 
and (3). But these step functions form a fundamental set in B^iEi ; 3£) and 
the operation which takes a;(*) into xi-; co) is linear and bounded uniformly 
with respect to co. The Banach-Steinhaus theorem 2.12.1 then shows that (iii) 
holds for every xi-) £ BiiEi ; S). 

The conditions of Theorem 3.7.1 are not suitable for a discussion of point- 
wise convergence. The choice of additional conditions is simplest in the case 
of convergence at points of continuity. 

Theorem 3 . 7 . 2 . Let a; co) satisfy conditions ( 1 ) and ( 4 ) of the 'preceding 
theorem and in addition: 

( 5 ) to every ^ there is a finite co) such that \Ki^^ a; co) Mi(£, co) for 
all a; 

(6) to every ^ and every e > 0 there is a finite M^i^, e) such that \ Ki^, a; cjo) | < 

for all CO when a is outside of i^ — e, ^ + c); 

(7) to every ^ there is a finite M(^) such that | Ki^, a; co) | da g ikf(f) 
for all CO. 

If xia) 6 BiiEi ; X) then xi^; co) exists for all ^ and 

lima?(?; co) === xi^) 

W-+0O 

at all points of continuity of xia). 
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Proof. Tlie existence of w) follows from the assumptions of measur- 
ability together with (5) . We note next that (4) implies that 

lim / a] cS) da = 0 

w — *^00 

for every closed interval I which does not contain the point 
Let ^ be a point of continuity of x{a) and break up the integral defining 
w) into three parts, Ji, and Jg , using a = $ — € and J -f € as partition 
points. Here e = e{S) is chosen so small that || a:(cv) — x(^) \\ ^ d when | a — 
^ I g €. Then 

Jn - — ^(^)] dot. 

The first term on the right tends to zero when w co by (4) and the norm of 
the second term is less than by (7). Thus lim siip(,^oo || /a — x(^) || g 

If .rCa) is a step function, we have 

n I* 

/i + t/3 = 2 / Jl(J, a; 0)) da, 

1 Jji 

and, since ^ lies outside of all the intervals 1 3 , each integral tends to zero when 
CO CO . In the general case we may approximate x{a) in the mean of order onf* 
by a step function rro(a:) such that || a;(0 ““ .To(*) lli < '»?• We have then, witli 
obvious notation, 11 ^ 1 + Jg —Jio — JaoW < e) by (6) and consequently 

lim sup \\x{^) - co) j| ^ dM{^) + 7?M’2(?, e). 

it} — 

Here 6 and rj ai'e arbitrary whence it follows that the right-hand side may be 
replaced by zero. This completes the proof. 

Remark. Suppose that condition (4) is satisfied in the following stronger fornii 
(40 For every 0 > 0 and all J 

lim / K{^, «; w) da = m, lim I 7v(|, a; co) da — m, 

o)-*co vg— 5 oj-^co 

where /xi + M 2 = 1 and , M 2 are independent of 
Then, under the assumptions (1), (40, (5), (6), and (7), 

lim co) = - 0) + y 2 x(^ + 0) 

M — +00 

at all points where x{^) has left- and right-hand limits. 

This is proved by the same methods as the preceding theorem. 

Assumptions of a more special nature have to be made to attain convergence 
alnaost everywhere. 
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Theorem 3.7.3. Let a; w) satisfy conditions (1), (4), and (6) and, in 
addition : 

(8) there exists a non-negative function P(/3, of) such that 

(i) I a; co) I S P( | a — f | ; co) for all oo and all a, f with | a — f | ^ 1; 

(ii) P(/3; 0 )) is a hounded decreasing function of for fixed oj; 

(iii) fl P(P; co) dfi ^ M for all oi > 0. 

If x{a) 6 then .t(^; cu) exists for all ^ and lim(^_^oo cdmost 

everywhere, in 'particular, in the Lebesgue set of x{a) where formula (3.6.1) is valid. 


Proof. The existence of a;(^; of) for all f follows from the measurability 
together with conditions (6) and (8ii). Now let ^ be a point where (3.6.1) 
is valid and break up the integral defining x(^; co) as in the preceding proof. 
The discussion of Ji + Jg which is })ased on (4) and (6) goes as before. In the 
discussion of J 2 we note that 

< j^^P{\p\;w)\\x{^ + ^) - II = Ji. 


I! /•«+' 


/ K{^, a; co)[a:(a) — da\ 


If now 


J) = f lk(l + 7 ) - •'!:($) II dy, 

dO 


then 1 Z(,e; I) I < 5 I /8 I if I /3 1 g 6 = e(S). An integration by parts gives 
Ji = [X(e; ?) - X(-e; ^)lP(e; co) - £ X(/3; d^PQ ^ |; co) 


< 25 


ePU; co) - r /3 d^Pifi; co) = 25 f P(/3; co) dp < 2SM, 
Jo Jq 


if e < 1. as we may assume. The proof is then completed as before. 

These three theorems are typical for the theory and the reader will have no 
difficulties in proving analogous theorems for other classes of functions. 


3.8. Riemaim-Stieltjes integrals. In extending the notion of a Stieltjes 
integral to vector-valued functions we have two possibilities : either the integrand 
or the integrator may be vector-valued. Both varieties will occur in the following, 
but we may restrict ounselves to the Riemann-Stieltjes type of integral. 

Theohbm 3.8.1. Let x{^) be a strongly continuous function on the interval 
[h , ii] to H and let g{i) he a numerically-valued function of bounded variation 
in the same interval. Tlum 

r x(i) dyii) 

hi 

exists as the unique strong limit of Riemann sums of the form 

E xlrdlgicTi) — fir((r,-_i)]. 
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Further, if T is a linear hounded transformation on X io §) then 
t| £ rK(?) T[x(^)] dg(^). 

Proof. If the points {^4 and {jS*} define two partitions of [^i , ^ 2 ] such that 
II ^(^0 — II S € for and in the same a- or /S-interval and if Si and S 2 
are two Riemann sums corresponding to these partitions, then a simple cal- 
culation shows that 

||Si -S 2 II ^26 f'\dg(^) i. 

This proves the existence of the integral. The second part follows from the 
linearity and continuity of T by applying T to a sequence of approximatmg 
Riemann sums. 

Theorem; 3.8.2. Let /(f) be a conimuous mimerically-valued functio-n in 
[f 1 , ^ 2 ] cmd a;(f) a function on [f i , ^ 2 ] to X which is of bounded variation in the 
sense of Definition 3.4,4 (2) . Tlmi 

rm dx{^) 

exists asfhe unique strong limit of Riemann sums. Further ^ if T is a linear bounded 
transformation on ^ to g), then 

2’{£h(9rM?)} = ffi^)d[rxm. 

Proof. For the existence of the integral, see N. Dunford [3, Theorem 11], 
For the second part we note that x(0 being of bounded variation impluss that 
T[x(^)] has the same property and the total variation of T[x(^)] does not excHicd 
11 T II times the total variation of x(^). The desired relation then follows by 
linearity and continuity from the corresponding relations for the approximating 
Riemann sums. 

References. Banach [2], G. Birkhoff [I], Bochner [2], Dunford [1, 2, 3J, 
GeFand [1, 2], Graves [1], and Pettis [1]. 


2. Complex Function Theory 

3.9. FColomorphic functions. The theory of analytic functions on the complex 
plane to a linear vector space goes back to D. Hilbert [1] and F. Riesz [2 1. For 
the case of a general (B) -space the basic extensions ai’e duo to Horbert Wiener 
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[1], In recent years N. Dunford, L. Fantappie, L Gelfand, E. R. Lorch, M. H. 
Stone, and A. E. Taylor have done much to broaden our knowledge in this field. 

The basic concepts are those of a holomorphic vecior jimclion and a holomorphic 
operator function. Let D be a domain of the complex f>plane, i' = ^ + iv^ 
and let x{^) be a function on D to a complex (B)-space 'f, ?7(f) a function on 
D to SfX). In classical function theory a function /(f) is holomorphic in the 
domain D if it is single-valued, continuous, and differentiable. The first of 
these notions carries over to abstract functions without ambiguity, but the 
second and third notions have two different meanings for vector functions and 
three for operator functions depending upon which notion of convergence we use. 
Nevertheless we arrive at a unique concept of hoiomorphism. 

Definition 3.9.1. a'(f) and {7(f) arc said to he holomorphic in D if :r*[a;(f)] 
and .T* {{7(f) [a;]} are holomorphic in Cauch]fs sense for every cJioicc of iu* G 3-* 
and X f 3:, G X* respectively. 

This is the weakest possible assumption and still it implies the strongest pos- 
sible conclusion. For vector functions this was first proved by N. Dunford 
[3, p. 354] and for operator functions by E. Hille [7, p. (>]. See also A. E. Taylor 
([5, p. 576] and [7, p. 053]). The proofs are beautiful applications of the principle 
of uniform boundedness. 


Theorem 3,9.1. (1) Ifx(^) is holomorphic in 77, then rr(f) is strongly conlinnous 

and strongly differentiable in 77, uniformly with respect to f in any domain Do 
which is bounded and strictly interior to D. (2) If Ui^) is holomorphic ini), then 
[7(f) is uniformly continuous and miiformly differ eniiahle in D, uniformly with 
respect to f in Do . 

Proof. It is enough to prove (2) which exhibits the method. We base the 
proof upon the fact that the difference quotient of a numerically-valued function 
/(f) which is holo 7 norphic in D lends to its limil the derivative^ uniformly with 
respect to f in any domain Do which is hounded and has a positive distance from 
the boundary ofD. Expressed as an inequality for difference quotients we may 
formulate this observation as follows : 


Lemma 3.9.1., To any function fit) holomorphic in the domain 1) and any 
domain Do which is hounded and strictly interior to D there is a finite quantity 
Mif) Do) such that for every choice of f , f + a, and f + /S in Do 


1 

Ck! — jS 


[fil + «) “■ /(f)] - ^ [/(f + /5) - /(f)] 


g M(f; Do). 


This follows from the fact that the function inside the absolute value signs 
on the left is represented by the Cauchy integral 

^ r f^dt 

2 Tri Jc (t ““ f)(7 — f — oijit — f — /5) ' 
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where C consists of a finite number of closed simple rectifiable curves in D having 
a positive minimal distance both from Do and from, the boundary of D. The 
conclusion is immediate. 

We apply this Lemma to the function »* { t/(f ) [a;] ) where x and a;* are arbitrary 
elements of $ and 9f* respectively. To simplify the notation somewhat we write 

I- [i7(r + «) - [/(f)] - 1 [uit + 0) - [/(r)]| = [/(f : a). 

a — [a p } 

The lemma then asserts that 

\x*[Uif, a, i3)M} 1 ^ Mix*, X, [/; Do) 

for every choice of f , f + a and f + /3 in Do . By Theorem 2.12.3 this implie-s 
the existence of a finite quantity Mix, U ; Do) such that 

11 [/(f; «, P)[x]\\ S Mix, U-, Do). 

But now Theorem 2.12.2 applies and ensures the existence of a finite MCf/; Do) 
such that 

II Uir, a, 0) 11 ^ il'/([/; Do). 

Here we let |3 — > 0 and use the fact that S(X) is complete. Since the difference 
quotient tends to a limit, there exists a linear bounded operator fumdion 
[/'(f) ^ ®(]^) such that 

- [[/(f + a) - D(f)] - D'(f) Ij g 1 a i M(D; Do) 

a il 

for all f and f + a in . Thus [/(f) has a uniform derivative in 1) and the 
difference quotient approaches the derivative uniformly with respect to f in 
Do . This of course implies unifoim continuity as well as strong and w(^ak 
differentiability and continuity. 

It should be observed that the assumption D(f) G G(X) is not essential; 
the proof applies just as well to a linear bounded operator function on one (P>j- 
space to another. 

3. 10, Cauchy’s integral. Let C be a rectifiable curve in the complex f -plane 
given by the equation f = f(a), 0 ^ o: ^ «o , where f(a) is continuous and of 
bounded variation in [0, an]. If x(^) is any strongly continuous function on C 
to a (B) -space 96, then the integral 

pOCQ I* 

I a:If(a)] df(a) = / j;(f) df 

*/o */c 

exists by Theorem 3.8.1 and if T is any linear bounded transformation on X to §) 
r|/^.^(f)df} = £T[a5(f)] df. 
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Similar formulas hold if a;(f) is replaced by a uniformly continuous operator 
function on C to @(X), but in this case we have also relations of the type 

and 

r/(f}W = £ r{f^(f)[,r]) df. 

One may verify both formulas by observing that corresponding relations hold 
for the approximating Riemann-Stieltjes sums which tend to the integrals 
in question, strongly with respect to the 9£- and g)*-metrics respectively. 

The restrictive assumption that and ?7(f) be continuous is a matter of 
convenience and simplicity and may be replaced by measurability and integra- 
bility of the norm with respect to the length of arc. 

So far the functions aj(f) and t/(f) were arbitrary except for continuity assump- 
tions. vSuppose now that tliey are liolomorphic in a domain D of the f-plane 
and that C is a simple closed rectifiable curve in D, the interior of C being also 
in D. We now take g) as the space of complex numbers and T — rr* an arbitrary 
element of X*. It follows that 

{/(DM r/fj = .r*{f/(D[.T]) df = 0 

for every x*. By Theorem 2. 1 0.4 this requires that 

£mr)Mdf = = 0. 

Since this must hold for every x, the operator in the second member must be 
the zero clement of @(S) . We have consequently proved the analogue of Cauchy 
theorem for operator funciio7is and the same argument applies to vector functions. 

Theokem 3.10.1. If is a holomorphic vector fmiciion on the domain D to 
the {Byspace X, theti 

f xit) dt = 0 

for every simple closed rectifiable contour C in D such that the interior of C belongs 
to D. Similarly^ if U{^) is a holomorphic operator function on D to @(36) then 

[ U(t) di - e. 

It is of course immateral if C/(f) maps X into 36 or into another (B) -space g). 
The fact that linear operations commute with integration provides us with 
one of the most powerful tools in extending classical function theory to vector- 
valued functions. The following very useful theorem is typical for the procedure . 
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Theorem 3T0.2, Let C he a redifiahle curve in the complex plane, let x(r) 
be strongly continuous on C to and let 7C(f , r) be a numerically-valued function 
with the following properties. There exists a domain D in the ^-plane such that 

r) is a holomorphic function of 1* in D for every fixed t on C and K{^, r) is 

a continuous function of r on C for every fixed f in D, Then 

yit) - f r)x(r) dr 

is a holomorphic function on D to X. 

Remark. The assumptions that C is of finite length and that x(r) and Ki^, t) are con- 
tinuous in T may be weakened in an obvious manner. Thus in the special but frequently 
occurring case in which C is an infinite line segment, it is sufficient to assume that K(^,t) 
is a bounded measurable function of r and that x { t ) is (B) -integrable over the segment 
in question. 

Proof. The existence of y{t) a function on D to X is obvious. Since 
:K*[y(f)] = f T)a;na:(T)l dr 

is holomorphic in D in the sense of Cauchy for every x* £ T*, y{^) is holomorphic 
in D by Definition 3.9.1. 

Taking r) ~ l/(r - f), we obtain integrals of the Cauchy type, which 
consequently define holomorphic functions of f in each of the domains into which 
C divides the f-plane. In particular, this observation gives the Cauchy integral 
representations of a holomorphic vector function and its derivatives. We have 
merely to note that if is holomorphic then 

as is seen from 

i + o)] - a:*[a:(f)]l = x* [a;(f + a) - a:(f)]| 

a [a j 

by letting a 0, remembering that the expression inside the braces on the right 
tends strongly to These observations lead to 


Theorem 3.10.3. Let a:(f) be a holomorphic function on the domain 1) to the 
{B) -space X. Let C be a simple closed redifiable curve in D, the interior of which 
is contained in D, such that arg(T — f) increases by 27r when r describes C {positive 
orientation ) . Then 


=: f 

2n Jc (t - ’ 


n = 0,1,2, . 


It follows from Theorem 3.10.1 that the integral J a;(f)df is independent 
of the path and depends only upon initial and terminal points, if D is simply- 
connected, and in the multiply-connected case we may deform paths in the 
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customary maimer. Thus \vc have the usual freedom of choice of paths to 
suit our needs. 

If .T(f; is holomorphic in ] f — fd | < R and || .rCf) || ^ M for such values of 
then taking C to be the circle | f — fo 1 = r < 7? in Theorem 3.10.3 we get the 
Cauchy eslimalcs 

ll.r‘”’(.ro) II S MR-’'nl 

From these estimates we conclude the validity of the Taylor expansion 

,:(f) = ± (f - f,,)™ for I f - fo I < 

n! 

Indeed, the series on the right converges strongly to a limit for such values of f 
and since 

.r*[.r'''’(f)] = f- .'rn.t(f)] 

for every x*, the series converges weakly to a;(f). Its strong limit must then 
also be x{,^). This reasoning exhibits another mode of using the functionals 
on a in order to extend classical function theory to vector functions with values 
in X. The same device may be used to prove Laurent’s expansion : 

If x{^) is holomorphic inO ^ Ri < | f — fo | < Ri ^ , then 

a;(f) = S a„(f - I'd)”, a„ = ^- [ x(t)(t - 

where Cjfor instance, is the circle |t — fo| ^ R, Ri K R < R 2 • 

If Ri = 0 and there is actually at least one a„ 5 ^ 0 with a negative subscript, 
then f = fo is a singular point of x(f), namely a pole of order m if a_„ 9 ^ 6 but 
a„ = 0 for w < —m and otherwise an (isolated) essential singularity. In the 
case of a pole we have 

Ml I r - i-o r” ^ II ^(f) II g M 2 1 f - To r” 

for all small values of 1 f — fo i- 

From the Taylor expansion the uniqueness theorem is concluded in the usual 
manner: 

Theorem 3.10.4. If x{f) and j/(f) are holomorphic in D and if a:(f„) = yiff), 
n = 1, 2, 3, ■ ■ • ,the points {f„} having a limit point in D, then a;(f) = y{f). 

The property of being holomorphic is strongly adherent and is preserved 
by various convergence processes. The next theorem contains the most ele- 
mentary result in this direction; the theorem of Vitali is given in a later section 
(Theorem 3.13.2 below). 

Theorem 3.10.5. Let {a:„(f) } he a sequence of holomorphic functions onD to'& 
which converges uniformly with respect to f on a simple closed rectifiable curve C, 
the interior of which, Do say, is also in D. Then } Xn(r) } converges to a holomorphic 
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function x{^) in Do and, moreover, Xn\t) for every k. The co7i- 

vergencG is uniform with respect to in Do when A; = 0, in any fixed domain interior 
to Do when k > 0. 

The classical proof applies, mulaiis mutandis, to the vector case. 

3.11. Analytic continuation. Theorem 3.10.4 has a number of important consequences, 
the basic one being that the Weierstrass 'principle of analytic continuation applies to vector - 
valued functions. 

Starting with an element of the function, a power series in (^’ — ^* 0 ) with coefficients in 
and strongly convergent for | f - fo | < p(fo), we obtain the totality of regular elements 
by the usual method of continuation. To this set w^e add the algebraic elements correspond- 
ing to the algebraic singularities including ordinary poles. The set of all regular and alge- 
braic elements constituies the vector-valued analytic function 

We note that the theorem of monodromy is valid for vector-valued analytic functions, 
that is, if a regular elc7ncni of ic(i') can be continued analytically along every path in a smiply- 
connected domain D, then the resulting regular elemeiits form a holomorphic function in D. 

Suppose for the sake of simplicity that the analytic function is single-valued. 
Then ike set of points which are centers of regular elements is the domain of holomorphism of 
x{^). Adding the set of polos, we get the domain of existence of which in this case 
coincides with the domain of ineromorphism. Every boundary point of the domain of holo- 
morphismis a singular point of x{^) , The accessible boundary points may be characterized 
in the usual manner by the fact that the radius of convergence of a regular element tends 
to zero when the center approaches the bound ary point in question. We note that a singular 
point of a;(rt is necessarily a singular point of at least one of the scalar functions 
If S is the union of the singular points of all functions x*[x{^)], then the boundary of 2) 
is the boundary of the domain of holomorphism of (rt j that is, the set of singular points of 
a;(rt. A similar situation holds for holomorphic operator functions. A singular point of 
C7(rt is necessarily a singular point of at least one scalar function .‘r*{U(f)[a;]) and the 
boundary of the union of the singular points of all functions is the set of sin- 

gularities of U(f). 

The lau) of permanency of funclio^ial equations has only limited scope for vector-valin‘<l 
functions since multiplication is not defined in ordinary (B) -spaces. How'ovcr, it does 
hold for linear functional equations in the following sense: 

Lei T[x\ rl a linear transformation on 36 to 2), not necessarily houridcd. Suppose there 
exists a fixed domain D in the t-plane such that if x(t) is holomorphic in any domain Do C D, 
then T[x(^); i*] exists and is holoynorphic in Do . Now lei x(t) be a solution of the equation, 

T[x; rl « e 

holomorphic in Dq C D. If x(t) can be continued analytically aloyig a path 0 in D, then 
T[x {^) ; rl can he continued along the same path and T[x(^) j f] ^ 0 on C. 

The first half of the assertion follows from the initial assumption on T, the second half 
is then a consequence of Theorem 3.10.4. 

3.12. The principle of the maximum. We return to the Cauchy integral 
representing a:(f). If C is taken to be the circle | f - f o | = r, the formula 
may be written 

^ ~ j\(to + re^) de. 
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Consequently 

ii II ^ ^ jf" II ^(ro + «'") II de. 

This formula has important implications. 

Thiooeem 3.12.1. IJ x{^) is a holomorphic function on D to 36, then |1 x(^) || 
is a sxihharmonic function of f inD. It follows that \ \ 1 1 can have no maximum 

in D and no other minimum than zero. 

This in turn leads to the principle of the maximum: 

Let x(f) he defined in a domain D and on its boundary C, holomorphic in D and 
strongly continuous in D U C, If sup || || = M for f on (f them either x{^) 

is of constant norm M or || x(^) \\ < M in D. 

There is a large group of theorems in classical function theory which is more 
or less closely attached to the principle of the maximum. The common char- 
acteristic of these theorems is that fairly meager information concerning the 
absolute value of a holomorphic function permits far-reaching conclusions 
concerning the properties of the function. Such theorems as a rule may be 
carried over to vector-valued functions, simply replacing statements concerning 

I /(i*) I ttie corresponding statements concerning || x(f) ||. Often the classical 

proofs c^arry over directly; if not, the assumptions show that the classical theorem 
applies to all the scalar functions and the desired conclusion for ,r(f) is 

reached with the aid of the principle of uniform boundedness or from the fact 
that the vanishing of all functionals of an clement in 96 implies that the element 
is d. The following two theorems belong to this group. The first is the extended 
theorem of Liouville. We recall that a function which is holomorphic in the finite 
'^-plane is said to he entire. 

Theobem 3.12.2. An entire function xif) such that ||:r(rc'^) || ^ Mr“, 0 ^ 
6 ^ 2w, a fixed S 0, for all largo r, is a polynomial in f of degree ^ a. It is a 
constant if a < 1. 

Theoeem 3.12.3. If x(t“) is holomorphic m 0 < | f f o 1 < md if 

II xi^o + re"^) II ^ Mr for all small values of r, then f = is a pole of order g a. 

The results of the classical investigations centering around the Phragmti- 
Lindeldf theorem also admit of extensions to vector- valued functions. A number 
of these theorems have already proved to be useful in modern functional analysis 
and will be used in later parts of this treatise. Some of these theorems are listed 
below without proofs. The reader will find proofs of the classical prototypes 
and indications of the extensions in the papers quoted at the end of this para- 
graph. The classical case of Theorem 3.12.4 is due to F. and R. Nevanlinna 
(extension I. Gelfand) ; Theorem 3,12.5 is due to F. Carlson in the numerically- 
valued case (vector extension in the first paper of E. Hille); Theorems 3.12.0 
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and 3.12.7 go back to G. Polya (see paper by G. Szcgo for proofs, for tin; vector 
extension see second paper of E. Hille and M. H. Stone [4j). 

Theorem 3.12.4. Let .r(f) he holomorphic in 3Kr) > 0. To every Jtnile point 
on the imaginary axis and to every e > 0 there shcdl exist a {semi-circular) nctgh- 
horhood in which |l.'!;(f) H ^ 1 + e. Then either || x(^) H g 1 for all, f in 
3f(f) > 0 or 

1 r^t- 

lim inf - / log'*' || .^(rc'*’) || cos d dO > 0. 

vco T J—wl'l 

Here log^a = max (log a, 0). 


Theoiikm 3.12.5. Lei ;c(f) be holomorphic in > 0 and slronglij conlinnonH 
in SKf) ^ 0. Suppose that 

(i) \\xUir)\\ S 

(ii) 11 x(re^') 1| ^ C exp [X(d)rl ^7r/2 g 6 g 7r/2, where X(e) g M, - 

X(0), and 


lim sup {tt 
5-»o 5 [ 



+ CO , and 


(iii) x{n) = 0, n = 1, 2, 3, • * • . 
Then .T(f) ^ 6. 


Theoiiem 3.L2.G. If .^(f) is an entire funclion of order one and minimal Ujpe 
and if || .r(±?i) || = o; > 0, then .t(f) is a polynomial in f of degree < a. 

In particular j x(^) is a constant if 1 1 :t’( || is hounded toiih respect to n. 

Theokeh 3.12,7. If ?y(f) is an entire funclion of l/(f' — 1) and if in ihe 
expansions 

yit) = E (I'TC, I .(■ I < J ; y(t) = £ b„r'\ i f I > i. 

0 (t 

both 11 II and || 6^ 1| arc ^ > 0, then f = L is a pole of order < d + 1, 
that is, y{^) is a polynomial in l/(f ~ 1) o/ degree < (5 +1. 


For vector-valued entire functions .^(f) the notions of order and (ype^ arr^ 
defined by obvious modifications of the classiciil concepts. Thus x(f) is of 
order p if 

p = lim sup [log log M{r; .T)]/[log r] 

where M {r ; x) = max 1 1 x{rc'^) 1 1 . A function of order p is of type a if 

a = lim sup r’"'* log M(r; x), 

r—*oo 

The function is of minimal type if a — 0, normal type if 0 < a < , maximal 

type if a ^ dr ^ * 
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3.13. The theorem of Vitali. Thijs luinio covers two distiiK;t l/iit closety 
roIat.tK.1 propositions chuxliii^ with funcTions wliich are holomorphic and imi^ 
formly bounded in a tixcd domain, ddie first asserts that any family of such 
funcl.ions coniains a sequence, uniformly convergent in any interior domain; 
the second that a seciuence which converges in a set having a limit point in the 
domain eoiivcrges uniformly in any intej’ior domain. These propositions are 
usually proved on the basis of compactness and the first one seems to require 
such an argumcnl., Tlie second one does not and the proof of E. Lindeh'if [3] 
can be adapted to veetor-valued functions. As a preliminaiy we prove Schivarzl^ 
lemma : 

Thiookkm 3.13.1. Let be holomorphic in | {* | < 1, i|.T(f) || ^ ilf and 
rr(()) = e. Then |1 || g ilf | f \for | f [ < 1. 

Vimor, The classical form of the lemma shows that | | ^ M \ ^ \ 

for every functional a:* such that || n** |1 = 1. Theorem 2,9.3 shows that for 
every fixed f we may find an ;r* such that || || = 1 and a**[.r(f)] = |1 a;(f) |]. 

It follows that also |1 x(f) || ^ iU | f |, 

Thkoiikm 3.13.2. Let {:r.w(.f)l beJwlomorphic iii afumldoniain I) and\\xn{^) ||^ 
M for all7t and all f in I), Lei (here he a sel {f/,} m D having ~a limii point 
fo in D such that limn-.>oo *Tn(u) exists for evenj /r. Then linin-^^ .Tn(f) exists every- 
where in Dy the convergence is umforni with respect to f in any fixed hounded domain 
which has positive distance from- the boundary of Dy and the limit function x(f) 
is holomorphic in D. 

PiiooF. We prove the theorem for the following special case. Let D be 
the interior of the unit circle, fo = 0, and M = 1. We have then 

00 

•T,/r) = Z r, lfl<r 

and II Umu 11^1 h->t* ‘dl I f 1 < h have for every n 

ii. (■„(.<-) - t iifl„„ii If r <2if|. 

lloncc ff)r a fixed liut arbitrary Ic vvitli j f/.- j < ^ 

i| f/ll,. — «(!,, II ^ II - OOn II + II Xni^k) — || + 1| XpH'k) — n^p || 

^ 4 I f/.. I + II - Xpi^k) II 

and 

lim sup II rtu„ - Cop II S 4 I f* |. 

n,7>~*cc 

Since fh 0 when k co, it follows that {uom) is a Cauchy sequence and has 
a strong limit, Oq say, and |1 Oo 1| g 1, 
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We now put = [xn{^) - aon]/f. By Schwarz’s lemma ||a;n,i(f) 1| ^ 2 

for all n and all f, | f | < 1. It follows that the new sequence } satisfies 

the same conditions as the original sequence (o^nCf) j except that the bound is 2 
instead of 1. * The bound for the coefiScients is obviously unchanged, however. 
Using the preceding argument we then see that limn->«> ain = ai exists and 
II cii II ^ 1. By complete induction we get the existence of limn-n-ao Cinm = ctm 
for all m and || || ^ 1. Now form 

a:(f) = E 

mseO 

Then for 1 f | g r < 1 

lla:,(f) - xi^) i| g X) il - a« ||r"* + 2r*’'''V(l - 

m«*0 

whence we conclude that || a;n(f) — x{f) || --> 0 when n co, uniformly with 
respect to for | f j g r < 1. This completes the proof of the special case. 

The extension to the general case is routine analysis. We cover the domain Do a D 
by a finite number of circles all in D. The first circle is placed with its center at f , 
each consecutive circle is placed with its center in a preceding circle. The preceding proof 
shows the convergence in the first circle, whence it spreads to the consecutive circles and 
hence to all of Do . If the centers are properly chosen, the given circles may be replaced 
by smaller concentric circles, still covering Do , in which we have uniform convergence. 

3.14. Vector-valued functions of several complex variables. A consider- 
able portion of the theory developed iu the preceding sections may be extended 
to the case of functions of several complex variables. In the present section we 
give only a couple of theorems, due to Max Zorn, which are basic for the dis- 
cussion in Chapter IV. 

Let Zn be the linear vector space of elements C = (f i , * * • , r«) , where f i , 

• • • , fn are complex numbers and addition and scalar multiplication are defined 
by the usual conventions 

Cl + C2 = (?n + C12, * * * , Cm + Cna), o^C = (afi ? ^ 

We make into a (B)-space by defining |1 C H in a convenient manner, for 
example, 

llcll= ••• + |f„f!^oriU|| -maxIfO- 

It is immaterial for the following which definition of the norm is used. 

Consider a function /(C) = /(fi, • • • , /») on Z„ to a (B)-spaco % defined in 
some domain A of . The partial derivative of /(fi , •••,/„) with n'specl. 
to C/j is defined by the usual convention 

I * ^ 

^ [/ffl > • • ‘ , ffc + Ufc , • • • , — /(fi , • • • , f;. , . . • j 
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the limit, which is taken in the sense of strong convergence in 9£, being independ- 
ent of the manner in which tends to 0. 


Theorem 3.14,1. Let /(fi, ♦ • • , f «) 07i Zn to H have first order partials with 
respect to each when C = (fi , • ' • , fn) lies in some domain A containing the 
origin. Then: 

(i) /(fi > • • * ) f n) has partial derivatives of all orders and the mixed partials 
are independent of the order of differentiation] 

(ii) /(<) is continuous and hounded on every bounded closed subset of A; 

(iii) ifWfiO II i M for |i < || g panda < p, then for || < || ^ (t 


/(o - m -i(ff) 

M \Ohk/o 


g [M/p(p - <r)] II C ir 


(iv) /(f, T; • ‘ • 7 f ) differentiable with respect to f . 


Pkoof. We may assume that this theorem is known for the special case in which ^ = 
Zi and we reduce the general case to this particular instance wdth the aid of the bounded 
linear functionals x* 6 X*. 

(i) The numerical function x*[f(^ij , f„)] is partially differentiable since strong 
differentiability implies the weak kind. Hence 


— xHfih 7 • * * , r«)] == 
9^2 




/(fi , • • 


, Tn) 


exists and is partially differentiable with respect to ^ = 1, 2, • • • , n, for every x* 6 

This implies the existence of second order partials of /(fi , • • • , ^n) itself (in the sense of 
strong differentiability) and proves the first part of assertion (i) since the higher derivatives 
can be handled by an induction argument. The relation 
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*[/] 


a^ 




lartarj ’ 


which is valid for every x* 6 36*, shows that the order of differentiation is immaterial. 

(ii) This part as well as (iv) follows from (iii) ; let us only establish the boundedness as 
it will be necessary for the proof of (iii). 

We consider the numerically- valued functions x* [/({)] on an arbitrary closed bounded 
subset Eo of A. For every fixed x* the set | ir*[/(Eo)]| is bounded; by the theory of uniform 
boundedness it follows that ||/(Eo) || is also bounded. 

(iii) Now consider a p such that || < || ^ p lies in A. This set may therefore serve as an 
Eo ; let M be the corresponding bound. For the numerical functions x*[f(()] this gives 

|a;*[/(C)]| ^ Mil a;* II in Eo , 


Hence, by the numerical case, 

:r*[/«)] - x*[/(0)] - 

for II C II ^ <r < p. An application of Theorem 2.9.3 yields (iii). As was observed above, 
(iii) implies the continuity of /(C) and part (iv). 


S Ii II [MMp - ^)] II < 
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It should be observed that we have used only the fact that x^f(^i , • • • , LOl is partially 
differentiable in A. The proof is valid also when = 1 and shows that if is dif- 

ferentiable for I r I < P and for all x*, then/(rt is strongly differentiable. 

Theorem 3.14.2, Let Pkiti , ^ 2 ) he a scries of homogeneous 'polynomials 
P kih ) ^ 2 ) == 22 ^2 ”, 

71=0 

akn constants in X, and let A be an open set in the space Z 2 . The following facts 
are then equivalent: 

(i) the series converges at each point of A; 

(ii) the terms Pk are uniformly hounded in any hounded neighborhood Ao of 
any arbitrary point (fio , ^ 20 ) in A suck that Ao C A; 

(hi) every point of A has a neighborhood Ai such that 22^-0 |1 Pif^i , ^ 2 ) H 

is convergent. 

Peooi<\ It is easy to show that (ii) implies (hi). For let || Pa || ^ M in Ao ; then for 
sufficiently small e, 0 < e < 1, the set (1 - e) Ao will still be a neighborhood of (^o , fao) and 
in it we have |1 P* H ^ M (1 — e)* by virtue of the homogeneity of P* . That (iii) implies 
(i) is trivial, but the implication (i) implies (ii) is not. Here we have recourse to the 
numerical case for which the theorem has been proved by F. Hartogs [1]. He states that 
the series converges locally uniformly in A; this imydies uniform convergence on bounded 
closed subsets. 

If 2 Phih , Ta) is convergent in A, then 

/ 00 N 00 

2 PkiU , r-i) - S x^PiX^i , ‘C 2 )] 

U;=o J ;.-«o 

will be a series of numerical polynomials, convergent in A and therefore uniformly con- 
vergent in any Ao as specified. Applying the theory of uniform boundedness to the set 

Uw U(r..w.Ao 

we see that it is bounded, which was to be proved. 

References. F. Carlson. [1], Dunford [3, 7, 8], Fantappic [2], (lelfand [4J, 
Hartogs [1], Hilbert [1], Hille [7, llj, Lindelbf [3], Lorch [2, 3], F. and IL 
Nevanlinna [1], Pdlya [3], F. Riesz [2], Stone [4], Szegb [1], A. E. Taylor [5, 
7], andN. Wiener [1]. 



CHAPTER IV 

FUNCTIONS ON VECTORS TO VECTORS 

4.1. Orientation. In preceding chapters we have studied two different 
types of abstract functions, viz. functions on vectors to scalars, mainly repre- 
sented by linear bounded functionals, and functions on scalars to vectors, in 
particular integrable functions and holomorphic functions. To these types 
we now add a third one: functions on vectors to vectors, and the emphasis will 
be on functions analytic in a sense to be specified later. To simplify matters 
both the domain and the range will be arbitrary complex Banach spaces though 
less restrictive assumptions are feasible. In particular, the topology of the 
domain is immaterial for a considerable portion of the theory. 

The theory of analytic functions on vectors to vectors is of I’ecent date, but 
the Volterra theory of functions of composition can be regarded as a forerunner 
and most of the basic concepts can be traced back to the founders of functional 
analysis. The fundamental notions of abstract differentials, polynomials, and 
poAver series were introduced by M. Fr6chet around 1909. A few years later 
R. Gateaux applied the ideas of Fr^chet to concrete problems (analytic func- 
tionals and functions of infinitely many unknowns) and much of the later 
development is based upon the brilliant work of GS<teaux which was published 
posthumously. 

The modeim theory is the outgrowth of the work of three different schools. 
A. D. Michal and his pupils, in particular, I. E. Highberg and R. S. Martin, 
developed a theory of abstract power series, while Angus E, Taylor created 
a theory of analytic functions based upon the G&teaux differential. The latter 
line of approach was followed independently by L. M. Graves and T. H. Hilde- 
brandt who applied the resulting theory to implicit functions and boundary 
value problems. S. Banach seems to have possessed a theory of analytic 
operations but of this only some fragments dealing with polynomial operations 
appear to have been published by Banach himself and by S. Mazur and W. 
Orlicz. See also G. Suchumlinov for the case of analytic functionals. 

In the following we attempt to give a unified presentation of the subject 
matter, confining ourselves to results which are needed in building up the theory 
or required in later applications. There are two paragraphs: Differentiable 
Functions and Analytic Functions. The reader should also consult sections 
5.17 and 22.9 which are concerned with the extension of classical analytic 
functions from the complex field to a Banach algebra with or without unit 
element. References are found below; for a more extensive bibliography 


This chapter was written in collaboration with Max Zorn to whom most of the new results 
are clue. Zorn has published his investigations in [1, 2, 3], 
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the reader is referred to the expository papers of Graves [3], Hyers [1], Michal 
[1], and Taylor [7]. 

References. Banach [3, 4], Evans [1], Fantappie [2], Frdchet [1, 2, 3, 5], 
Gdteaux [1, 2], Graves [1, 2, 3], Highberg [1, 2], Hildebrandt and Graves [1], 
Hyers [1], Kerner [2], Martin [1], Mazur and Orlicz [1], Michal [1], Michal 
and Clifford [1], Michal and Martin [1], Suchuinlinov [1], Taylor [1, 3, 4, 6, 
7, 8], and Zorn [1, 2, 3], 


1. Differentiable Functions 

4.2. Multilinear forms and polynomials. In the following we shall be con- 
cerned with functions defined on a complex (B) -space X and having its values 
in another such space g). In Chapter II we considered linear functions on 
to g). The extension to multilinear functions is immediate. 

Definition 4.2.1. If Xi , , ■ ■ ■ , Xn are variables in X, a function F{xi , x^ , 

• • ■ , x„) defined for all values of the variables and having values in §) is called 
a symmetric n-linear form, if (i) it is linear in each variable separately and (ii) 
it is a symmetric function of the variables. It is said to be continuous if it is con- 
tinuous in each variable separately. 

■ Definition 4.2.2. A function y ~ P{x) on H to defined for all x is called 
a polynomial in x of degree m if for all a, h £ H and all complex a 

m 

(4.2.1) P{a + a/i) = XI 

where the Pp(a, h) are independent of a. The degree in exactly m if Pm{% h) ^ 6, 
P{x) is a power or a homogeneous polynomial of degree n if ii is a polynomial and 
P{ax) s oTix) in x and a. 

According to this definition, the zero element is homogeneous of arbitrary 
degree. This is the only case, however, in which the degree of a power differs 
from its degree as a pobmomiaL More precisely expressed: if Pix) is a poly- 
nomial of degree exactly m, if Pix) is homogeneous of degree n, and if P{x) ^ 0, 
then m ~ n. The following simple argument, due to Christine S. Williams, 
starts from the identity a''P{a + 0 "%) = a'^P[a'^{h + Using the homo- 

geneity on the right and expanding both sides with the aid of (4.2.1), we see that 

m m 

£ Py{a, = XI 

VskO PwbO 
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Since neither Po{a, h) nor a) can vanish identically, this identity requires 
that m = n and 


(4.2.2) 


Py{a, h) = Pn-y{h, a), 


V = 0,1, 2, 


•, n. 


Returning to general polynomials and rewriting (4.2.1) as a Newton inter- 
polation polynomial 


P(a+ah) = ZKPia) (“), 


(4.2.3) 


MP(a) = E (-1) 


,-ntV 


P{a + iih), 


we see that the coefficients P,{a, h) are uniquely determined by P{x). In par- 
ticular 


(4.2.4) 


Poia, h) = P(a), 


P„.(a, h) == 1 A7P{a). 
ml 


That the last coefficient is actually independent of a will be shown below. 
From (4.2.3) we obtain by complete induction that 


(4.2.5) P(a + /ti + ’ * • + /in) S ’ ' * 22 ‘ * ‘ 


(:)■ 


where the increments are arbitrary elements of 96 and the summations with 
respect to vi , * * * , go from 0 to m. The right side is a polynomial in the n 

complex variables , * * * , an of total degree nm. Replacing each by 

we obtain a polynomial in X of degree nm which by fomula (4.2.1) must reduce 
to one of degree m. Owing to the arbitrariness of the a’s this is possible if and 
only if each difference of P{a) involving more than m spans hf^ vanishes identi- 
cally. This leads to the basic 


Theorem 4.2.1. If P{x) is a polynomial of degree exactly then 
(4.2.6) = e 

identically in x and in the increments hi, • • •, /ip,+i . No difference of order m 
can vanish identically. Conversely, if P{x) is a polynomial and if a difference of 
P{x) of order k vanishes identically in x and in the incremenls, then the degree of 
P{x) is less than k. 

Proof. (4.2.6) was proved above. If the degree of P{x) is exactly m, 
ihenml Pmia, h) = NfP{o) does not vanish identicall3^ The converse assertion 
follows from (4.2.3) which shows that P(a + ah) reduces to a poljmomial in a 
of degree less than k since the identical vanishing of a kti\ order difference implies 
the identical vanishing of all differences of order ^ k. 

Setting 

P{x^ , ■ ■ ■ , x.„) = 1 A:*,..x,„P(a), 


(4.2.7) 
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we aotc that giving a an increment/ fi and talcing the ditfereiice of span li produces 
a result which vanishes identically in //. It, follows that P{xi , • ♦ a‘„,) is actu- 

ally independent, of a. This shows in particular that the coefficient Pr„(a, h) 
is independent of a as asserted above. 

It is obvious that any sura of polynomials is a polynomial of a degree not 
exceeding the highest degree present among the summands. If P(x) is a poly- 
nomial in X of exact degree m so is P{x + c) for any fixed c. Further, a poly- 
nomial of degree m is the sum of homogeneous polynomials 

m 

P{x) = S IMx), 

wliere Ib(:r) is homogeneous in x of degree v. It follows from (4.2.1) that 
Pyijx) = Py{d, x) SO that Pv{x) is uniquely determined. 

Definition* 4.2.3. The 'polar jorm of a homogeneous polynomial P{x) of degree 
m is defined by (4.2.7), 

Theorem 4,2.2. If F(xi , • • is a symmelric n4mcar /om, then Fix, 

* * •, x) is a homogeneous polynomial of degree n. 

Proof. One shows l)y induction that 

4.2.8) F(\a + d>,---,U + yb) = £ F{a, ,h)y 

where on the right the variables a and h occur v and n — v times respectively. 
This proves the assertion. A converse is given by 

Theorem 4.2.3. If Pix) is a homogeneous polynomial of degree n, Us polar 
form is a symmetric n-linear form. In ierrns of the polar form- we have P(x) = 
P{x, • • • , x) and 

(4.2.9) P(\a + fib) = g (^fj P[a, m"'', 

rohere Ihc cocfficiml of XV"”" ^ o homogeneous polynomial in a of degree, v and in 
b of degree n — v. 

Proof. That the polar form is symmetric follows from (4.2.7). Let us 
prove that it is linear in .t„ . This follows from Theorem 4.2.1 upon observing 
that 

f{x) = — I P(:i;) 

is a non-null polynomial in x, the second differences of which vanish identically. 
It follows that /(a:) is a polynomial of degree one and hence that f(x) — /(9) 
is homogeneous of degree one. But then/(a-„) - f(d) = P(xi , • ■ a:„) is linear 

in . Thus the polar foim is n-linear. That P(x, ■■ ■,x) = P{x) follows from 
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(4.2.2), (4.2.3) and (4.2.7). Eorniula (4.2.9) is then an immediate consequence 
of (4.2.8). The homogeneity properties arc obvious. 

The rest of this section is devoted to (}uestions of continuity. 

Thkohh.m 4.2.4. A homo(}mcom polynomial of degree 7i is continuous if and 
only if it is Imimdcd in some sphere. It is then bounded in every fixed finite sphere 
and satisfies a Lipschitz condition of order one uniformly m such a sphere. More- 
over ^ there exists a constant M such that for all x 

IlH'tO II ^ M\\x\\\ 

Proof. vSuppose that |1 P(.r) |1 ^ 7^ in || :r — a 1| ^ p. The coefficients 
Pic{a, b) in the expression for P(a + ab) given by (4.2.1) can obviously be ex- 
pressed linearly with numerical coefficients in terms of P{a + oi^b), v = 0, 1, 2, 

• • • , 7h, where co is a primitive (n + i)th root of unity, dliere is consequently a 
Bi such that for 1| /^ || ^ P we have 

\\PiXa, ?>)|| g If, k = 0, 1, 

Pk{a, b) being liomogcneous of degree n — h in b, one infers that for all values of b 

(4.2.10) II IMa, II ^ II h 11’“-'=, fc = 0, 1, ■ • n, 

and this shows that P{;x) = P{a + {x — a)) is bounded in every finite sphere'' 
Since I\]{a, b) = P{a), the estimate also gives 

||/^(a + /0-7^(a)||-O[117Hl]. 

Since now (4.2.10) holds uniformly with respect to a in any bounded domain 
of K, the Lipschitz condition also holds uniformly in such a domain. For a ^ 6, 
b = X, k = 0 we get the desired inequality H 7-^(0;) || S A7 || x ||”. 

Conversely, if P{x) is continuous at x = a, then 7 ^(.t) is bounded in some 
sphere |1 a; — a || ^ p and the preceding argument applies. 

Theorem 4.2.5. A symmetric 7hlineaT form F{xi , * * •, rrj is continuous if 
and only if it is bounded in the sense that there is a co7istant M such that || 7^(.ti , 

• • •, av) II S M \ \xi\\ • • • II II for all values of the variables. It is then a 

contimwus fu7iclio7i of {xi , • • a?„). 

Proof. The condition is sufficient since 

II P(xi, • •* , Xn) - F(ai, • , an) |1 

n n 

^ Z) II . • • ■ , ) ■<^-k — Ofc , Xk+i , • • • , a:„) II g Mp‘~^ Z || a;* — a;, 1| 

k=.l 

if II ak II ^ p, 11 Xk II ^ p for all h. 

To prove the necessity it is enough to consider the case n = 2; the general case 
can then be handled by complete induction. Thus we have a symmetric bi- 
linear form F{x, y) continuous in x and y separately. It follows that F{x, d) = 
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y) - 6, The linearity in y gives || F{x, 2.0 || ^ ^^(^0 II 2/ i I where the bound 
M {x) obviously satisfies the conditions 

M{xi + 0 ^ 2 ) ^ M{xi) + M{x 2 ), M{ax) = [ a I M(x)^ M{S) = 0. 

Thus M{x) is a non-negative sublinear functional defined for all x. Let 

M{d) == lim sup M{x), 

fi->0 |l®||gfi 

We start by proving that M{d) is finite. If the converse were true, we could 
find a sequence { 0 ;^} such that (i) > 6, (ii) M'(a\) > n. Consider the corre- 

sponding sequence of linear functions F{xn , y)- By assuniption F{xn , y) — > 
F{9, y) — 6 for every y ^ 2c. By the theory of uniform boundedness, this 
implies that || Fix ^, , • ) || = Mixn) g A for all? 2 . This contradicts the assump- 
tion that M{6) = + CO . There exists consequently a finite B ^ B{8) such that 
Mix) ^ Bid) for 11 :r II ^ 8. Hence Mix) S 5(5)5“' || a: H ^ M\\x\\ for all 
X and 

II Fix, y) II g M|| X II \\y |1. 

Thus Fix, y) is bounded and consequently a continuous function of ix, y) as 
asserted. 

Combining the two preceding theorems one gets: 

Theobbm 4.2.6. A homogeneous 'polynomial is continuous if and only if its 
polar form is continuous. Conversely, a symmetric n-Unear form Fixi , * ' • , .r„) 
is continuous if and only if the polynomial Fix, • • • , x) is so. 

Definition 4.2.4. If Fix) is a homogeneous continuous polynomial of degree 
n, the least value of M for which || Fix) || ^ M \ \ x for all x is called the hound 
or the norm of Pi') and is denoted by 1| 5 ||. For a continuous symmetric n-lincar 
form the hound or norm || 5 \\is the least value of M such that || F(a:i , • • • , a:„) H ^ 
M II xi II • • • II Xn II for all Xi , • • * , a^n . 

Definition 4.2.5. .4 function y = fix) on 3c to 2), defined in the set S), is said 
to be continuous in the seiise of Baire if there exists a set of the first category C X' 
such that fix) is continuous in the set 3) ®o . 

If g) is separable, this notion is equivalent to f(x) having the property of 
Baire, that is, for every open set ® the set/“'(@) has the property of Baire in 
the sense defined in section 1.2. For these different notions, we refer to C. 
Kiiratowski [2, p. 191 et seq.]. Our use of the notion of continuity in the sense 
of Baire will be restricted to the implications of the next three theorems; for 
the first of these Ave refer to KuratoAvsld (loc. cit.), for the others to S. Mazur 
and W. Orlicz [1, p. 182]. 

Theobem 4.2.7. A convergent sequence of functions, continuous in the sense 
of Baire, converges to a function having the same properly. 
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Theorem 4.2.8. // a homogeneous polynomial is continuous in the sense of 
Baire, then it is continuous everywhere. A symmetric n-linear form which is 
continuous in the sense of Bair e with respect to each variable separately is continuous 
everywhere with respect to the variables jointly. 

Combining these results we obtain: 

Theorem 4.2.9. A convergent sequence of continuous symmetric n4inear forms 
converges to a form with the same properties or the limit vanishes identically. Also, 
a convergent sequence of continuous homogeneous polynomials of fixed degree n 
converges either to such a polynomial or to the zero element. 

4.3. G-Differentiability. The crux of the theory of vector-valued functions 
of vectors is the question of differentiability. In this general situation the di- 
ferentials of Fr(§chet and of Gdteaux appear to be the most appropriate concepts. 
We start by formulating some topological notions of importance to the theory. 

Definition 4.3.1. A subset of a {B)-space 9£ is said to be finitely open if 
for each choice of elements ri’o 6 ® and hi * ,hn G X, the elements Xo + ^jjik 
which are in 3) correspond to an open subset of the space Zn of ordered n-iuples of 
complex numbers (f i , * • • , fn) . 

This is equivalent to saying that S intersects every finite-dimensional linear 
subspace of 36 in a relatively open set. 

There are actually sets which arc finitely open without being open. The following 
example is clue to E. G. Begle and H. Pollard. Let (a;«} be a sequence of points in H such 
that (i) for each n, the point is not in the closed linear vector space spanned by Xi , 
^2 , • • • ,Xn, and (ii) lim Xn = x^ exists. Let 5) be the complement of the set (a^n) • Since 
T) contains xq , it cannot be open. On the other hand, any A:-dimensional subspace of 36 
, can contain at most /c points Xn ; its intersection with SD is consequently relatively open, 
that is, S) is finitely open. 

Definition 4.3-.2. A set S*(a;o) is called a c-star about Xo if G*(.To) = xq + H, 
where h G 1 f | ^ 1 implies that ^h G H. 

We note that if 3) is finitely open and contains Xo , then it contains a finitely 
open c-star about Xo formed by all points Xq + h for which | f | ^ 1 implies 
xq + th G ®. We speak of the c-star in ® about Xq . 

Let us denote by p{x, h) the supremum of all numbers p such that | f | ^ p 
implies that re + f /i G ®. 

Definition 4.3.3. Let y — f{x) on Hio'^bc defined in the finitely open set ® 
and suppose that for every x G ® and 6 36 the quotient [/(x + f/i) — /(x)]/f, 
ivhich is defined for 0 < | f | < p{x,h), tends to a unique limit as f 0. We 
then say that 
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(i) fix) is Q-differentiahle in 35; 

(ii) bfix- h) = S'‘f = lim I [fix + m - M] 

f-^0 § 

is the first variation with increment h of f{x); 

(iii) f{x) possesses a Gateaux differential in 3). 

Definition 4.3.4. We say that f(x) is F ’■differentiable and possesses a total 
or a Frechet differential in ® if (i) 3) is open, (ii) 8f(x; h) exists as a continuous 
function of h, and 

(iii) lim irTTi ll/(® + A) - fix) -bfix, /i) || = 0, a: € S). 

||A||-+o II il\\ 

We note that if /and g are G^-differentiable so is af + Pg and 

5l[af + M + ^Sig. 

It is also a simple matter to show that 

bfix-, ah) = abfix] h) 

so that bfix, h) is homogeneous of degree one in h. 

Theorem 4.3.1. fix) is G-differeniiahle in the finitely open set 35 if and only if 
for every a; € 35 and A. £ fix -f- f/i) is a holoniorphic function of f when \ f | 
< pix,h). 


Proof. This follows from the observation 


= W + Uh h). 


Corollary, fix) is 0-differentiaUe in 35 if and only if for every a: 6 35 and 
any hi, ■■■ ,hn e I the function fix + Y)i ^ihk) is partially differentiable with 
respect to ik , h = I, ■■■, n, in the open set A = A(/ii , • • • , 7i J of the space 
which corresponds to points x -t- 22" ^uhk in 35. 


'Theorem 4.3.2. For every h £ 1, b’ff = bfix-, h) is a G-differentiahle f%mc- 
lion of X, 


Proof. We have 

b'L^b':}fix) ^biu^jix + ^h) 


X^‘2 JA 
\dr 

±[± 

afj 1 

I— 


f«=0 


f(^ + + i*2 h) 


Jri-oj ra-o 


/(X + fl/li + . 


0,0 
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By the preceding theorem /(;r + tih + ^ 2 /^ 2 ) is a partially differentiable function 
and Theorem 3.14.1 ensures the existence of the higher partials. 

We may thus define the nth variation d^ix] hi, • • • , hn) of f{x) with incre-* 
ments h , * • • , hn by 

Definition 4.3.5. Wo set d'f(x; hi) = 5/(x; k); hi, •• •' , 7i„+i) = 

hi,-- - , hn)]-, djix-, h) = sy(x-, h, -■ - , h). 

For the sake of convenience wc add the convention that [5"/(a:; /ii , • • • , /in)]n=o = 
fix). We state without proof 


(i) 

(ii) 

(iii) 


Theorem 4.3.3. ITc hmc 
d 




/(■"K + tlhl + fsfe) 


0,0 




= SJix-, 7ti); 

= 5" fix; hi, ■■■ , hn); 

<f 


+ E tkhi^ fix + f/i) 


r-o 


Theorem 4.3.4. 8 xf = 8J(x ; h) is linear in h. 


Proof. We have already noted that 5/(.r; h) is homogeneous of degree 
one in h, but it remains to show the additivity. Consider the function 
fix + fi/n + ^ 2 / 12 ) of C = (fi , f 2 ). It is partially differentiable, thus by Theorem 
3.14.1 (iii) 

/(^ + fi/n + ^2h) == fix) + fi + <?(ll < ID* 

By Theorem 4,3.3 (i) this gives 

fix + fi/ii + hh^) = fix) + fi5/(a;; hi) + i‘ 28 fix; h) + ^>(11^ ID* 
Letting f 1 = ^2 == f we get 

/[^ + ^Oh + hf)] — fix) = f[5/(.r; hi) + 8 fix; h 2 )] + o(l f |) 
since o( || C || ) = o( | f | )• This shows that 

Sfix; hi + hi) = lim I [fix + f(7ii + hi)) - /(x)] 
f-*o S 

== 8 fix] hi) + 5 /( 0 ;; / 12 ) 

and the theorem is proved. 

In defining F-differentiability it is customary to require that 6 fix; h) exist 
as a linear continuous function of h. Theorem 4.3.4 shows that the assumption 
of linearity is redundant and this is why it was omitted in Definition 4.3.4. Actu- 
ally the latter still contains a redundance: Zorn [3] has recently shown that 
condition (iii) is implied by (i) and (ii). If (ii) is satisfied, we see that 8 f{x; •) 
for fixed x in S) is a hounded linear operator on 3£ /o g). If the (B) -space of all 
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such operators be denoted by G[S, D], then Sf{x; •) is a function on 5D to @[3-, §)] 
which, as we shall see later, is continuous and even analytic in x. Zorn calls 
this function the derivative of f{x) and denotes it by f'{x) so that bj{x-, h) = 
fix)[h]. 

The notion of a derivative as distinguished from that of a differential appears to have 
been considered by A. D. Michal in 1936. 

Theoeem 4.3,5. Byix; h, ■ ■ ■ , K) is a symmetric n-linearform inh, ■ ■ ■ , h„ 
which is G-differeniiahlc with respect to x when a; 6 iD. Sffix] h) is a homogeneous 
polynomial of degree n in h. 

Peoof. S”fix-, hi, , hn) is linear in the last argument since it is a varia- 
tion; it is symmetric by Theorem 4.3.3 (ii) and hence linear in each h . The 
rest follows from Theorems 4.2.1 and 4.3.2. 

Let us now look at the Taylor development of the function fix + f/i) which 
must be valid for | f | < p(x,h): 

f : /£;(*+ 4 e . 

n=o (.aa" Ja=on! 

Using Theorem 4.3.3 (iii) we get 

fis> + rh) = t S7(^; th). 

n«0 n=»0 Tl\ 

Here we may replace ^h by h-, reinterpreting the condition on h geometrically 
we arrive at 

Theoeem 4.3.G. For .r € 3) and x h in the c-star about x in 5), we have 
fix 4- /t) = 2 B”fix; h). 

Another way of stating the condition is to say that the series converges for 
p{x, h) <1. 

From Theorem 3.10.t3 it follows that 

(4.3.1) B^'fix; h) = f fix + m~“~' di\ 

where T is any circle \t\=p' with p' < p{Xj h) , In particular, if a; + /i belongs 
to a c~star in 25 about we may choose p^ = 1. This leads to the analog 
of the classical estimates of Chiuchy: 

Theorem, 4.3.7. In any c-star K*(a) about x — a in which \\f{x) || g M, 
we have 1| d'fia; /i) || ^ Mnl for a + /i € S*(a). 

The existence of a finitely open c-star of boundedness may be asserted for 
every point a 6 25. In. the following theorem we have taken a ^ 6. 
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Theorem 4.3.8. Let S*(6i) a ^ be a fmilely open c-star about 6, ®’a subset 
of ®*(0) which is contained in a finite-dimensional subspace of 1 and compad 
there. Then there exist quantities e and M,0<€<1,0<M, and a finitely 
open c-star (E*(0) = S such that (i) © C (1 - e)® = (S(6) C 6 C S*(0), (ii) 
11 /(.t) II g M in (S., and (iii) 


00 

sup 

n=0 Ul a;e(E(e) 


--c) II < “• 


Proof. The function <p(x) = maxij-i^i ||/(fa:) || is well defined when x 6 
(S.*{e). If is any finite-dimensional linear subspace of 3f, then f{x) is con- 
tinuous in n e*(e) = 6« since every x in (S„ is of the form ^i* hh and 
/(2r is a partially differentiable function of , ■ • • , fnfor X/” i“ • 
This implies, however, that <p{x) is also continuous in (S„ . In order to see 
this, let {Xk] € and xu x^, € £» when /c -+ <» . There exist comply 
numbers U and to of absolute value one such that¥>(a;/0 = ||/(f/<a:fc) ||, <pW - 
^/({■oaJo) 1|. Then 

lim sup ^( 3 ;*) = lim sup II || = m^||/(i';Ko) || — vCao)' 

On the other hand, <p(xi-) ^ 1 1 fitoXk) 1 1 whence 

lim inf ¥>(a;4) S ||/({■o2:o) H = ‘pi^o) 

and, finally, lim ¥j(a;j;) = ip(a:o) . . 

This being established, we consider the subset !ID(a:o) of ^*{d) where vw < 
+ 1, xo G ©• This set is finitely open since its intersection with any 
3 e„ is relatiWy open; it is a c-star from the definition of <p(x) and it contains Xo . 
© being compact, there exists a finite subset of © such that the corresponding 
sets ©(xi), • • • , suffice to cover ©. We put © = _U©(x«,), M = 1 + 

maxjfe<p(xifc). Then Sis a finitely open c-star in (S*( 0 ), containing©, and ||/(x) || = 
M in ©. Let © be contained in the n-dimensional linear subspace 3£n ; since 
(5 n 3cn is relatively open, we can find an e, 0 < e < 1, such that © C (1 — e) S = 
©(e). For X 6 E(e) we can use formula (4.3.1) with x replaced by 6, h by x, 
and p' by 1/(1 - «)• It follows that supxe(E(e) I 1 S7(^; II = 

This completes the proof. 

At this juncture an examination of the properties of differentiability of powers 
is in order. , 

Theorem 4.3.9. A homogeneous polynomial is always (l-difJoreniiable\ it is 
F-differentiable if and only if it is continuous. 

Proof. The first assertion is an immediate conseiiuence of Definition 4.2,2. 
Formula (4.2.1) shows that if P(x) is of degree n then 

■ ■ 8’‘P{xi h) = &! IV/, (x., h), k S n, 
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and that the variations of order greater than n vanish identically. Dcfiniriou 
4.3.4 shows that the continuity of P{x) is necessary'” for iP~differentia])ility. But 
if P{x) is continuous, then the homogeneous polynomials K) ai’c con- 

tinuous functions of x as well as of h since they may be expressed linearly with 
constant coefficients in terms of (n + 1) suital)ly chosen functions P(;r + cYjh). 
Since Pn-kix, h) is homogeneous of degree h in }i and of degree 7b — k in :r, \\v. 
can find a constant M such that 

II P„^,(x, h) II ^ i¥ II a: 11"-^ II h 11'“, = 0, , n. 

These estimates show that the conditions of Definition 4.3.4 are satisfied so 
that P(x) is F-differcntiable when it is continuous. 

From this point of view'iae?7xa?/rc/cr to a homogeneous poly7ioniial as an F -power 
or as a G-power according as it is F-differenliable or merely G-dilferenldahh: , that is, 
according as it is continuous or not. By Theorem 4.2.3 we may replace con- 
tinuity by boundedness in this statement. 

The Taylor series of J{x) given in Tlieorem 4.3.0 is an expansion in t^cuins of 
(?-powers in h. It could consequently be described as a G-poiocr series. Simi- 
larly a convergent series in terms of F-pQ^vers could ]}e (tailed an F-power series. 
It is suggestive for purposes of C(3mparison to reformulate the main results of 
this se(ttion in the new terminology. 

Theorem 4.3.10. If f{x) is defined and G-ddfi'crenbliahle in a fmilely open set 
S) C tlmi to every x (E ® there is a G-poioer series PrX^, h) where Pni'Xy h) 
is a G-power in h of degree 7i and a G-diJImmliahlc funclimh of x. The fimciians 
Pn{xy h) are imir/uely determined by f(x) a7id P.fx, A) = 8yix; h)/ 7 i[. We have 

fix + A) - E I\(x, A), 

Wsrsfl 

valid if A is in Ihc c-slar in ® almot ,r. To every x there is a finitely open e-star in 
which f{x) is Immded and the series converges uniformly and normally in the sense 
that ’ 0 supi+;,£s 1 1 P,Xx, /i.) 1 1 conpmjcs. 

The question of when a G-power series becomes an i?'-power stu-ies will In; 
considered later. 

4.4. G-power series. Let [P„(a:)l, n = 0, ] , 2, • • • , be a given sequence 
of G-powers in .r, the degree of P,Xx) lieing n. Wc shall study the G-power 
series 

O.-t.l) E J\(x'), 

its region of convergence and the properties of its sum. 

We start from a local point of view which enables iis to determine the cross 
sections of the region of convergence, denoted by S[P„], with planes through 
its center x = 9. 
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Definition 4.4.1. Letu 6 X and |1 tt |1 = 1 and put 

M(t/) = iim Slipn-voo 11 Pniu) {f"", p{ih) = 1/piu). 

We state without proof 

Theorio]\[ 4.4.1. (i) If the terms of (4.4.1) are hounded for x == a;o , then the 

scries is ahsolntdy convergent for a; = , j f | < 1. (ii) If x = fu, \\n\\ = 1, 

then the scries converges absolutely /or 1 f | < p{u) and diverges for | f | > p{u). 

CoBOLLARY. The closure of the region of convergence of a G-power series is a 
c-star about 6 (or reduces to d) . 

The properties of p(u) appear to be very complicated even in cases which look fairly 
sim})lo on the surface. As an example we may take 3c = (h), the space of sequences x = 
ja',4, with II II = 12! I or, I |2p^2^ and g = . 2^1 , the space of complex numbers with the 
usual norm. Then 

00 

/(•*'*) = S (roiJ'h rc = |<xi , ao j 1 

n=-l 

is an /'"-power series as is easily verified. Here the funciioii p{u) has the property that its 
lower and upper limit functions arc identically 0 and +=0 respectively. Indeed, suppose 
that u = { o!„j and 1 1 u | - I . To any given e >0 we may find an integer N and two numlxu’s 
A and B near unity such that 


2 

an<l 

Ui — , Aan j ’ • ' , /laAT , 0, 0, • * • i, 

, a., , . • . , aw , (iV+ (N + 2)-2/3, . . . } 

arc unit vectors. Here p{ui) = « an<l p^Wz) = 0, further 

II u -- Ui II ^ A - 1 -h €, II u - 112 II ^ + I B - 1 1 + €, 

so thal. Ui and Un are as close to u as we please. This proves the assertion. 

A satisfactory theory is obtainable in the case in which there exists a finitely open domain 
of convergence. This assumption implies certain restrictions on pin) (essentially lower 
semi-continuity) which, however, wo shall not investigate here. Wc start with a simple 
lemma. 


Lemma 4.4.1. If a G-power P(x) satisfies H P{x) 1| g M in a c-slar G*(.^o) = 
+ III then it satisfies the same inequality in the c-slar E*(^) = ^Xq + II for 

If i ^ 1- 

Proof. T.et h £ II and consider the function Pi^xo + W for \ f\ g 1. 
It is holomorphic for all such values of f since it is a polynomial in f . By the 
principle of the maximum || P{^xq + /lo) ll reaches its largest value on the unit 
circle, say for f = f o . But the homogeneity of P{x) gives 

II ^(fo^’o + W II = II P{xo + II = max/y€// II P(xo + W || ^ *3/ 

since II is a c-star. This proves the lemma. 
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Theorem 4.4.2. If Iho G-power series (4,4.1) converges in the finitely open 
c-slar (E*(xo) = .To + H, it will also converge in <5*((?) = f.To + 7/’, | f | ^ ] . 

Proof. Let h 6 H and consider the linear subspace {fi-To + ^2/*} = 
{to -f /i -h (fi - l).To + (fj — l)/i} . It intersects (S*(.To) in a relatively open set 
T)o corresponding to an open set A in Z2 . Since (1,1) 6 A, we can find an 
6 > 0 such that the closed bicylinder r2 : | — 1 | ^ 6, | f2 — 1 | g e is in A. 

Substituting x = fiTo + fsA into the power series, one obtains a series of homo- 
geneous polynomials in (fi , ^2) convergent in A. By Theorem 3.14.2 (ii) this 
implies that the terms of the series are uniformly bounded in r2 . Thus there 
is a finite M such that || P/,(.t) || g M for x in the c-star + h): To + 

h + rjix -f- riih with (i;i -f- 1, 172 + 1) € I’2 • By Lemma 4.4.1 the inequality 
II \\ i M holds also in the c-star S*(0) : ’g{xo + h) + tjiXq -f- | f I ^ L 

ivL H- 1, 172 + 1) € r2 . Using the homogeneity of P*(.t) or referring to Theorem 
3.14.2 again, we see that the power series is absolutely convergent in the c-star 
p £*(6) for any p < 1 . This c-.star, for p sufficiently near to 1 , contains all points 
of the form fiTr, -f {■2^1, | Ci i ^ 1, | fo | ^ 1 . Since h f_ H is arbitrary, it follows 
that the power .series converges in the finitely open c-star f;co -j- II, | f | g 1 , 
as asserted. 


CoEonnA-RV. If a G-power series converges in an- open set, it converges in a 
neigUiorhood of 6 . 

Theorem 4.4.3. If the G-power series (4.4.1) converges in a finitely open set T-, 
it will converge uniformly on discs, that is, for fixed x 0 5), /r 6 K the series 

S Pk(x -f f/i) 

will be uniformly emvergent for | f | ^ p' < p{x, /t). 

Proof. Consider the series ^0 + i"2^)j it iii a series of homogeneou.s 

polynomials in (fi , ^2) which converges in an open set A in ^2 , containing all 
points (1, ("2) with | f2 i < p{x, h). The subset defined by | j g p' < pfx, h) 
will be a region of unifonn convergence by Theorem 3.14.2 (iii). 

Ihborem 4.4.4, If a sequence, of functions {/n(.T)} converges uniformly on the 
discs X + fA, j f I ^ p' < p(.T, h), of a finitely open set 2) and if the functions f nix) 
are G-differcntiahlc in 2), then the limit will also he G -differ eniiahle in 

Proof. If fix) = lim„_„/„(T), we have to show that fix^ + fh) is diff(!renti- 
able with respect to f for i f | < p(to , h). This follows from Theorem 3.10..'). 
The same theorem also yaelds: 

Theorem 4.4.5. Under the conditions of the preceding theorem we have for 

•T e 5D, ^ 

S'7(.Ti /i) = lim5*=/„(.T;/i). 

n-*oo 

Combining Theorems 4.4.3 and 4.4.4 we obtain: 
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Thkorem 4.4.6. If a G-power scries converges in a finitely open set^ its sii/m 
will be a G-differentiahlc function. 

In the preceding theorem wo may replace strong convergence by weak. 

Theorem 4.4.7. If a G-power series converges weakly to a limit in a finitely 
open sefi then its weak sum is G-dificreniiable. 

Proof. By assumption the series YjO y''^[Pn{x)] converges in © for every 
(E S*. We note that y’^[Pn(,x)] is a G-power in .r with values in Zi and the 
series Ylo y'^lPnix)] converges in the sense of the strong metric of Zi (that is, 
in the sense of Cauchy). By Theorem 4.4.6, ?/*[P«(a;)] is G-differentiable 

in S and if f{x) is the weak sum of the series 2?* Pnix), we have consequently 
that y'^lfix)] is G-differentiable for every ?y*. This is equivalent to + f/i)] 
being a holomorphic function of f in [ f | < p(.T, h) for every ?y* and this implies 
that /(a: + ffe) is holomorphic in the same domain. It follows that /(a;) is G- 
differentiable in ® (in the strong sense). We may however go still further: 

Theorem 4.4.8. If a G-power series converges weakly to a limit in a finitely 
open set ®, then it converges strongly m S). 

Proof. We shall prove this under the additional assumption that © is a 
c-star about d. It Avill be seen below that this is no real restriction of the gen- 
erality. Let the weak sum of the G-power series be f{x). It is G-differentiable 
in 5D and may consequently be expanded in a Maclaurin series, say f{x) = 
PkiO, x). This- series converges in 3) by Theorem 4.3.10. It follows that 
for every y'* £ g)* 

i yVMe, a:)l = Z 

0 0 

These are numerically-valued G-power series of the function ?/*[/(a:)]. But the 
power series representation is unique according to Theorem 4.3.10, whence it 
follows that y'^lPkiO, a;)] = y'^[Pk{x)] for every x fz and y^ £ g)*, k = 0, 1, 
2, • - • . It follows that Pkix) ^ Pk{0, x). But the series P/fO, x) is strongly 
convergent in S), hence Pk{x) has the same property. 

We come now to the question of the structure of the finitely open set of con- 
vergence of a G-power series. Theorem 4.4.2 has a bearing on this problem. We 
have further: 

Theorem 4.4.9. The largest finitely open set in which a G-power series con- 
verges is a G-siar about B. 

Proof. We assume the existence of a finitely open set of convergence. It is 
clear that the union of all such sets is a finitely open set of convergence and that 
it is the largest such set. It remains to prove that it is a c-star about B. De- 
noting this largest set by we assume that xq £ ®o[Pd, B. In the 

comments to Definition 4,3.2 it was observed that to every point of a finitely 
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open set there is a finitely open c-star about that point which is also in the set. 
Let E*(xo) = .To + li be the c-star in about To. By Theorem 4.4.2, 

@o[P/,] then contains the finitely open c-star (S*(0) = fT'o + if, | f | ^ 1. In 
particular, we see that .To G ®o[P/’.'] implies fTo 6 @(i[Pa-], for | f | ^ 1, that is, 
@o[P/J is a c-star. 

Definition 4.4.2. A subset of ^ is called c-convcx if, A being any hounded 
open set of complex numbers and V its boundary, the assumption that x + Tfi is 
contained in 2) im^plies that x + Ah lies in 2). 

Theorem 4.4.10. ®o[P/J is c-convex. 

Proof. Suppose that A is a bounded open set of complex numbers and T 
is its boundary; let To and ho be such that the set © C ®o[Pfc] where © = To + 
fA, f € r. Since © lies in a two-dimensional linear subspace and is compact 
there, Theorem 4,3.8 applies. Consequently there exist a finitely open c-star (i 
about 6 and an e, 0 < e < 1, such that (i) © C (1 — e) E C S d ®o[Pd and (ii) 
^ Mk converges where Mu = sup 1| Pk{x) || for t £ (1 — e) E. Consider now 
the set H of all elements A 6 X such that To + f Ao + A E (1 — e) E for every 
f G r. It is claimed that H is finitely open. To see this, intersect H by a finite- 
dimensional linear subspace Xn ; let A G A? 0 = Hn and let (1 -- e) E D = 

En . Then to + ^ho + A G En for every f G P. Suppose we could find a se- 
quence {K} G Xn and a sequence 6 P such that K —> A and To + f^Ao + 
K G — En . Without loss of generality we may assume that fo G P. 
We have then To + f,Ao + ToAo + A, an element of the relatively open 

set S„ . This involves a contradiction and we see that for all large values of p 
we must have To + f^Ao + A,, G En . It follows that Hn is relatively open 
and that H is finitely open. 

We now consider Pjfxo + fAo + A) for A G i?. But when f G P we have 
^0 +* fAo + A G (1 “ €) E so that j | P/c(to + rAo + A) | ^ Mk . By the principle 
of the maximum, this inequality holds also for f G A. It follows that 1 1 Pkix) \ \ 
converges uniformly for t G + AAo + H which is a finitely open set. Hence 
To + AAo + H e @(][Pjfc]. In particular, To + fAo G ©o[Pa:] for f G A and the 
theorem is proved. 

Let 2) be a finitely open set in 3£. We can always find a finitely open c-convex c-star 
about 6 containing 2 and if 2) there are infinitely many such stars which form a par- 
tially ordered system under the relation of inclusion-. The intersection of any finite num- 
ber of such stars is a star with the same property; for an infinite system the intersection is 
still a c-convex c-star but may possibly fail to be finitely open. Let Z denote the inter- 
section and 3 the “finite interior^' of 2, that is, the set of all points of X belonging 
to finitely open subsets of X, It is clear that 2) C 3 and 3 is finitely open. It is not so 
obvious that 3 is also a c-convex c-star. To see this, suppose that To G 3 C 2 so that ^xo 
G 2 for I ^ I ^ 1 and there is a finitely open set H containing 0 such that To -h 7/ C 3. 
It follows that ^To 4“ ^77 C 2 f or I f I ^ 1 . But the left side of this inclusion is a finitely 
open set containing ^to ; thus ^To G 3 SLud 3 is c-star. The c-convexity is proved by 
the same type of argument. The assumption that To -|- Tho C 3 implies the existence of 
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a finitely open set // such that Xo 4- Vh-\-H C 3? or {xq^-H) + Tho C3 C ST. Since Zisc- 
convex, this implies that (a;o + H) + A/to C But Xq + A/io + F/ is a finitely open set 
containing xq 4* Aha and thus belonging to 3. This proves the c-convexity of 3. 

Thus to every system of finitely open c-convex c-stars containing !D there is a unique 
smallest set with the same properties, contained in all of them, namely the finite interior 
of the intersection of the sets in the system. By Zorn^s lemma there is a minimal finitely 
open c-convex c-star containing and contained in all such stars. We denote this minimal 
star by The two preceding theorems then imply 

Theorem 4.4.11. If 5D is a given finitely open set in 7c and if a G-power series S Pki^) 
converges in ^ then C ©olP/;]. 

From this theorem it follows that the assumption made in the proof of Theorem 4.4.8 
that is a c-star about 6 is no restriction. Another consequence is the following 

Theorem 4,4.12. If fix) is G -differentiable in a finitely open c-siar S) about 0, then it may 
be continued as a G-differentiable function into all of 


2. Analytic Functions 

4,5, F-differentiability. In the G^-theory developed in the preceding para- 
graph, the topology of the argument space played a subordinate role and 
practically the whole discussion could be carried through for an arbitrary 
complex linear space 9£. The topology of the range space ^ was more im- 
portant, but the theory could probably be extended, for instance from (B)- to 
(F)-spaces, without too much effort. In the present paragraph we shall be 
concerned with F-differentiable functions and here the assumption that both 
spaces are of type (B) will be utilized more fully although undoubtedly weaker 
assumptions could be made without serious detriment to the theory. In passing 
from the G- to the F-theory, finitely open sets are replaced by open sets which 
are required for F-differentiability. 

Definition 4,3.4 shows that an F-differentiable function is continuous and 
(?-differentiable. The converse is also true and, in fact, continuity may be re- 
placed by local boundedness or even continuity in the sense of Baire. The 
sharpest of these results will be proved later, but for the time being local bound- 
edness provides a convenient working condition. 

Definition 4.5.1. A function f{x) on 3c to ^ is said to be locally hounded 
in the open set 35 if for every point a in 5D there is a sphere ©« , || rr — a || g , 
and a finite Mia) such that ||/(a;) || ^ ikf(a) when x 6 ©a . 

Definition 4,5.2. A function fix) on X to g), defined in the domain SD, is said 
to be analytic in 35 if it is single-valued^ locally bounded, and G-differentiable in 35. 
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Theorem 4.5. L If f{x) is analytic in the domai)t 3), Ihcni it is continuous and 
F-dijJercnliahle in 3). It has variations of all orders lohich are continuous^ F-dif- 
ferentiable functions of x and of all the increments Ai , • • • , /i^ , that is, 
dy{x; /^l , * • • , hn) is an analytic function of x in 3) for fixed hi , • • • , hn and a 
continuous 7mdtilinear form in hi ^ ^ ^ hn for fixed x in T'. The Taylor expansion 

fix + /i) = S o' fix; h) 

is an F-power series in h. 

Peoof. Siace /(aO is G-differentiablc, it has variations of all orders which 
are (?-di£ferentiable functions of x and symmetric multilinear forms in the 
increments hi . Further /(a:) may be expanded in a Taylor’s series about every 
point X in iD and the assumption that/(;r) is locally bounded enables us to apply 
Theorem 4.3,7 with C£*(a) replaced by ©„ . This gives 

II djix-, h) II g nl Mia) if II u) - a II g Ar„ , || h |1 g , 

so that .r -f- ft € • Since 5” fix-, h) is homogeneous of degree n in h, ^ve have 

consequently for all h 

II nix; h) II g nl Mia) (2/r„)” || h H" if |he - a || g |r„. 

This proves that S'‘fix; h) is a continuous function of h, locally uniformly in .r, 
and locally bounded with respect to x in S), uniformly in h in any finite domain. 
Combining the.se estimates with the Taylor expansion, wc obtain 


Ifix + h) - fix) II g 

I'a — 


)|ift|| 
211 Ml' ’ 


ll,/'(-T + h) - fix) - ofix; h) |j 


~ r„(r,. - 2||/ij|) 


for II .r — a |j g ,\\h\\ < ir„ , so that /(a;) is continuous and F-differentiablo 
in 3). Since 5“/(a:; h) , con.sidcred a.s a function of x for fixed h, is locally bounded 
and (7-differentiable in 3), the same argument shows that S^fix; h) is continuous 
and F-differontiablc with respect to x in This (tonclusion extends also to 
8^ fix; hi , ■ ■ ■ , hf) which is the polar form of syix;h) and hence linearly expres- 
sible in terms of the functions o^fix; eihi + ■ ■ ■ + eji,,), = 0, 1, all of whicli 

are continuous F-differentiable functions of au The argument shows that 
Sjix; A) is an analytic function of a; in 35; being a continuous function of h for 
fixed X, it is an F-power of degree n in h, and the Taylor .scries is an F-power 
series in h. 

Ihe G-theory asserts that the largest finitely open region of convergence of 
the Taylor series is a c-convex c-star about x. That the largest open region of 
convergence is also a c-convex c-star will folloAV from the discussion in section 4 .7. 
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4.6. Properties of analytic functions. We shall prove some theorems 
about Vector-valued analytic functions which are obvious analogues of classical 
theorems in the numerical case. 

Thi 50 REM 4.6.1. An analytic function which va^iishes in a sphere vanishes 
identically in its domain of analijticity. 

Proof. Let ® be the domain in which /(.r) is supposed to be defined as an 
analytic function and suppose that fix) = d in the sphere ©a : || .r — a || < r. 
Then formula (4.3.1) shows that x — a) = 6 for || .r — a 1| < r and hence 
for all X, From Theorem 4.3.6 it follows that fix) = 6 in the largest sphere © 
with center at x = a and contained in 2). Now if 6 is any point in 33 not in ©, 
we may join the points a and h by a finite chain of open spheres in 33, ©o = 

© 1 , • • • , ©,i , such that ©/..contains the center of ©/,+i . Since fix) = 0 in ©o , 
the preceding argument shows that fix) = 0 in ©i and hence, by induction, 
fib) = dnndfix) ^ ^in33. 

It should be observed that the conclusion is not necessarily valid if it is known merely 
that f{x) vanishes in a point set having a limit point in 3). In particular, the theory of 
linear bounded functionals provides examples of analytic functions of a vector variable 
capable of vanishing on a linear subspace of 3: without vanishing identically. However, 
the theorem as formulated makes it possible to apply the classical process of analytic con- 
tinuation, with obvious nioditications, to the present class of analytic functions. 

The convergence theorems of classical function theory extend, miUaiis mutan- 
dis, to vector-valued analytic functions. We restrict ourselves to the analogs 
of well-known theorems of Afitali and Osgood. Both the assumptions and 
the conclusions differ somewhat from the classical prototypes, however; in par- 
ticular, no information is obtained relating to uniform convergence of the given 
sequence. 

Theorem 4.0.2. Let {//.(x*) } be a sequence of functions analytic and locally 
uniformly hounded in a fixed domain 3. If lim/,_.=c fkix) exists in a sphere © in S3, 
then the limit fix) exists everywhere in 33 and is analytic there. Further 

dyix; h) = lim/c-,^ 57 ^( 0 :; h) 

for every n and all x in 3). 

Proof. The assumption of local uniform boundedness is understood in the 
following sense: to every point Xo 6 3) there is a sphere ©(xo) and a finite posi- 
tive quantity Mixf) such that 1|/a(x) 1| ^ Mixf) for x 6 ©(xo) and fc = 1, 2, 3, 
.... For the proof it is enough to show that limA-^oo //X-'c) exists everywhere in 
S3 and that the limit /(x) is also a G-differentiable function. Since |l/(x) || g 
M(xo) for X 6 ©(xo), fix) is locally bounded and hence analytic. Since / aj(x) 
is analytic in 33, it is (7-differentiable there, that is, for fixed x £ 3), € 3£ 

the function / a;(x + ^h) is hoiomorphic for | f 1 < pix, h). If x 6 ®, there exists 
a po(x, h) such that x -f f /i- € © fl @(x) when 1 f | < po(x, h). For such values 
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of f we have |l//,(a; + f/i) 1| g M{x) and = /(^ + f/0 and, 

by the Vitali Theorem 3.13.2, + ^h) is holomorphic in This* implies 

that/(x) is G-differentiable and hence analytic in ©. 

In order to extend this result to all of 2) we use the classical machinery used 
in analytic continuation. Let a be the center of ©, h any point of 3) ~ AVe 
then join a with h by a finite chain of interlaced spheres <So , ©i , • • • , S.v , 
such that the center of is , ao = a, = h, a,+i C Cl © and ©> C !? . 

We may assume that C @(a,) without loss of generality, since otherwise we 
have merely to intercalate more and smaller spheres having their centers on the 
polygonal line with vertices at ao , ai , ■ • • , ajsr which line is a compact set. Let 
P;,he the radius of ©(a„) and put = ©o U ©i U • • * U ©,, , 0 ^ r ^ If il/ = 
maxilL(a,), we have \\f]Xx) 1| ^ M for all x in . Suppose that we have 
shown the existence and analyticity of f{x) in G, and let us show it in ” 
Sv U . For fixed h the sequence + ^h)] is made up of functions 

which are holomorphic and in norm not exceeding M in the circle 1 f 1 < ph-i/| i 1 1 
and the sequence converges to /(a,. 4 .i + f/i) when 1 f 1 < [pv — | ^h-i a, |1/|| h H* 
By the Vitali Theorem 3.13.2 the sequence then converges also for | i' | < 
Pi>i-i/\\h\\ limit /( uh -1 + ^h) is holomorphic also in the hiYgox circle. 

It follows in particular that lim/,-.^//,Cr) — fix) exists for x in ©,.|,i and lu^nec 
everywhere in . It remains to prove that fix) is analytic in ©,„|.i . For 
this purpose it is enough to obseuwe that for fixed /i G X and Xn 6 ©,,+, , the; se- 
quence {fkixo + fh ) ) is made up of fuiuitions holomorphic and uniformly hounchnl 
in some circle | f | < poCa^o , h) where it converges to /(.To + f/i). The limit is 
then holomorphic in the same circle whence it follows that /(. t) isG-differemiiabh^ 
and hence analytic in ©^.^i . The argument also shows that the process fur- 
nishes the analytic continuation of fix) from to G, 4 .i . Since fix) m known 
to be analytic in Go, it follows that the induction argument applies so that 
fix) is analytic in Giv and hence ultimately everywhere in S). The hounded 
convergence of ///.To + f/i) to /(.To + f/d for | f i < pofro , //.) also implies con- 
vergence of the derivatives, whence it follows that 

limr/,(T;/0 - r/(.T;/0 
for all n and all x in 3), This completes the proof. 

Theohem 4.6.3. If the funcMons ///t) are analytic in a fixed domain T and if 
limic^^fkix) = fix) exists for every x in 35, then every open subset of T' contains 
a domain in which fix) is analytic. 

Remark. In other words, the domainB of analyticity of /(x) are everywhere <ienHe in 
3). There exists at least one such domain; there may be infinitely many, the nuinbcn* hmn^ 
limited only by the cardinal number of non-overlapping domains in the space X. The 
analytic functions defined in the different domains arc not neeo.ssarily related by analyfir; 
continuation. 

Proof. Let (?>) be an open sul)set of ® and let be the dosed siib.sfil of « 
in which j] fk{x) |1 g n for all h simultaneously. Since limfc_« //:(a;) = J'{x) exists 
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everywhere in S), each point x ^ & belongs to for n > ^ We have JJn C 

5n+i and lim = ®. Consequently there is an integer N such that 
contains a sphere © so that || Mx) || g iV for a; 6 © and all k. The functions 
fiXx) being analytic and uniformly bounded in ©, the existence of limjc^oofiXx) = 
f{x) in © implies that f{x) is analytic in © by virtue of the preceding theorem. 
This completes the proof. 

We conclude the discussion by extending the principle of the maximum. 

Theorem 4.6.4. Let f{x) he analytic in the domain S) and continuous in its 
closure T). // sup i| {J{x) \\ = M for x £ T) — S), then either \\f{x) \\ < M in 
® or else 1 1 fix) \\ = M in ® . 

Proof. Suppose a € 3) and \ \fia) \\ == a ^ M. Let h 1 be fixed but 
arbitrary and consider the linear manifold x = a + ^h. It intersects SD in a 
relatively open set corresponding to an open set A in the complex plane. Let 
Ao be the component of A which contains f = 0. Then /(a + f/i) is a holo- 
morphic function of f in Ao ; it is continuous in Ao and sup ||/(a + f/i) \\ S M 
for f G Ao — Ao . By the maximum principle of section 3.12, this implies 
1 1 fia + f/i) 1 1 g M for f G Ao . It follows that 1 1 /(a) 1 1 = a = 21. But then 
the principle asserts that |l/(<^ + || = 21 everywhere in Ao . In this argu- 

ment h was arbitrary. Consequently the asumption that 1 1 fid) ] | > 2L is self- 
contradictory and 1 1 /(a) || = i¥ requires that ||/(.x) \\ — M for every x in S) 
which may be joined Avith a by a straight line segment in 3). This in tuim 
implies that \\fix) || = ilf for every x in 3) Avhich may be joined with a by a 
polygonal line in 3). Since all points of 3) have this property, we conclude 
that Wfix) II = ilf in 3) if equality holds at a single point of 3). 

It should be observed that it is not permitted to conclude from \ \fia) || =21 
that fix) is a constant of norm 2f. As a counter example Ave may take 36 — g) = 
Z 2 Avith rr = C = (fi , ^ 2 ), || Cll = niax (| fi |, | ^ 2 1), and /(C) = (1, ^ 2 ). This 
is a linear continuous and hence also analytic function of C and 1|/(C) |1 = 
max (1, I ^* 2 1). Here ||/(C) i| == 1 when || C || ^ 1, but /(C) is not a constant. 

4.7. /^'-power series. Let (P/c(a;)} be a given sequence of P-powers, the 
degree of Pkix) being /g, and consider the P-poAver series Pifx). This is 
of course also a G-poAA^er series so the results of section 4.4 apply. Owing to 
the continuity of the terms, sharper results may be proved, hoAvever. 

Theorem 4.7.1. If S[P/d is the region of convergence of an F -power series 
and if ®[Pk] = Int ®[P/J is non-void, then &[Pji] is a c-convex c-siar about 6. 

Proof. Suppose that ©[P/J is non-vacuous and contains the point Xq . 
There is then also an open c-star [xo + 11} about Xq contained in ©[P*] and by 
Theorem 4.4.2 the series converges in the set {fn’o + //}, | f | ^ 1, Avhich is an 
open c-star about d. It folloAVS that ®[P/J is also an open c-star about 6, The 
c-convexity requires a more elaborate argument. Suppose that there is an 
open set A in the complex plane with boundary T such that for some Xq and ho 
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the point set {a;o + fAo}, f € F, belongs to ®[PJ. This implies that for every 
f 0 € r there is a positive p(fo) such that a;o + € ®[P*] if I1 ^ II < p(fo)* 

The set V being compact, inf p(fo) = p > 0. Thus Xo + h + C &[Pk] when 
f C r, 11 ft II < p. Now consider the series Pkl^ii^o + ft) + ^zh]j ft fixed, 
II ft II < p. This is a series of homogeneous polynomials in (fi , ^ 2 ) converging 
in some open set Ao of Z 2 containing the set (1, F). By Theorem 3.14.2 we can 
find a neighborhood Ai of (1, F) in Aq such that converges where Mk is 

the supremum of l|Pft[fiCTo + ft) + r 2 fto] ll for (fi, {* 2 ) in Ai. In particular, 
II Pki^Q + ft + ffto) II ^ Mk , f 6 F, and by the principle of the maximum the 
same inequality is true for f 6 A. Thus the series X) 11 II converges for 
every x of the form iCo + ft + f fto , f € A, || ft |1 < p, and these points form an 
open set containing the set {a;o + ffto} , T 6 A. Hence the latter set belongs to 
®[Pfc] and the c-convexity is proved. 

It is natural to expect that an P-power series should converge to an analytic 
function in ®[Pi^;], but this simple proposition is by no means easy to prove. 
The first stage of the proof is given in 

Theorem 4.7.2. If ©[P/J is non-vaciioiis^ it contains a non-vacuous opcji c-star 
about Bin which the series converges uniformly to an analytic function, 

Prooe. If ®[Pfc] is non-void, the sum of the series, /(.r) say, is a G-differenii- 
able function of x in &[Pk] by Theorem 4.4.0 and /(a;) may be expanded in a 
convergent Taylor series about each point of ©[PJ. In particular, the Ma('- 
laurin series is seen to be identical to the given F-power series, that is, 5^ fid; x) = 
7c! Pk{x) for all k and all x. We can then appeal to Theorem 4,3.8 which asserts 
the existence of a finitely open c-star S about 0 such that X)* converges 
Avhere Mk is the supremum of |] Pkix) [j for x in 6. Pkix) being continuous, wc 
may replace S by its closure € without changing the value of the supremum. 
It is desired to show that E contains an open sphere. Let £« denote the set 
of all points .t such that {l/n)x £ g, n = 2, 3, • • • . Every point a; 6 X belongs 
to some Sn since 6 is finitely open and contams 6, It follows that Gn C (Sn 4 1 
and lim En ~ X. This shows that some set Gn contains an open sphere sin(‘c 
3£ cannot be of the first category in itself. It follows that G contains an open 
sphere, ©: |1 a; — a || < p say. We have then \\ Pkix) || g Mk for x G S. 
By Lemma 4.4.1 the same inequality is valid in the open c-star Go : jfa + ft|, 

I f I ^ 1, 11 ft II < p. In Go the F-power series converges uniformly to f{x); 
the terms being continuous, f{x) is also continuous in Go and consequently 
analytic there. 

We note in passing the following theorem, the proof of wdiich is left to the 
reader: 

Theorem 4.7.3. If the terms of an F-power series are locally uniformly bounded 
in an open set S), then the series converges locally uniformly in ® and vice versa. 
The sum of the series is analytic in ®. 

We come now to the main theorem: 
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Theorem 4.7.4. The sum of an F -power series is analytic in ®[P/;] 

Proof. We already know that the sum /(a;) is analytic in some neighborhood 
of X = 6. We now take a f &[Pk], a 9 ^ 6, and consider the Taylor series 

jxa + h) = f: 1 5V(a; h) 

n=o n ! 

which is a (j-power series in h by Theorem 4.3.10. As such it converges in the 
largest finitely open c-convex c>star about a contained in the finite interior of 
Idl particular, it will converge in a non-void open c-star about a, that is, 
it converges for h in a non-void open c-star about 6, We shall prove that this 
series is actually an F-power series inh. To this end we note that 

5V(a; h) = E h), 

;s=n 

the convergence of the series being ensured by Theorem 4.4.6 for all values of n. 
Here 5”Pi(a; h) is a homogeneous polynomial in h of degree n. It was shown 
in the proof of Theorem 4.3.9 that H d^Pkia; A) |1 g il/^n! 1| a ||*”“ || h H” so 
that the terms are /'’-powers in h of fixed degree n. By Theoi-em 4.2.9 the sum 
of the series 57(a; h) is then either identically 0 or else an i^-power in h of degree n. 
Thus the Taylor series for f{a -f h) is actually an /’-power series in h. The 
series being convergent in an open set containing h = 6, Theorem 4.7.2 asserts 
that it converges unifoi’mly in some neighborhood of h = 0. Hence /(a h) 
is an analytic function of h for small values of || 1|, that is, fix) is analytic 

everywhere in ®[P*]. 

Theorem 4.7.5. If a £ ©[Pj], then there exists an open c-star E about 0 
containing a, such that E* converges where Mj, is the supremum of || Pkix) || 
in S. 

Proof. This is the analogue for P-di£ferentiable functions of Theorem 4.3.8 
and the same type of proof applies. Since fix) is now continuous in ®[Pt], 
the function (fix) - max \\filx) 1|, | f | = 1, is also a continuous function in 
®[Pi]. The set Eo of points x such that <pix) < <pia) + 1 is an open c-star about 0 
containing x = a. If « is a small positive number, E = (1 — «) Eo still contains 
X = a and is an open c-star about 0. Prom Theorem 4.3.7 we get || 57(0; a;) || g 
/;! [1 ip(a)](l — e)* for x in E, so that Mk ^ [1 + via)]il — i)’‘ and the con- 
vergence of the series E obvious. 

Corollary. The F-power series '^kPieix) converges locally vnifoi'mly in 

®[Pd. 

The preceding theorems give a reasonably good qualitative description of 
®[P»]. We can obtain some quantitative results related to the function p(w) 
of Definition 4.4.1. 
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Definition 4.7.1. Let pa = inf p{u), || u jj = 1, and put 
Pu = 1/m«, Pu ~ lim sup II 

n—^co 

We call Pa the radius of absolute and pu the radius of uniform convergence of 

Y,kPkix). 

We recall that || P 71 11 is the norm of Pn(^) in the sense of Definition 4.2,4 
and is finite if and only if Pn{x) is an F-power. For a true G-power series we 
have always pu == 0. The justification of the terminology is given by: 

Theokem 4.7.G. For the F-power series X)? Fn{x) we have 0 < pu ^ pa if 
and only if is non-void. The series is absolutely convergent for || x (| < pa ; 
this is the largest open sphere with center at 9 contained in ©[P/j], On every spherical 
surface 1| ^ H = p with Pa < p there are points where the series diverges. It is 
uniformly convergent for \\ x\\ < (1 — €)pt 4 , e > 0, and fails to converge uni- 
formly on any spherical surface | [ ] | = p with pu < p. 

Proof. Suppose that pa > 0. Then 

limsupllP„(a:) IP'” = |la;l|/p(w) g \\x\\/pa, 

n— ♦CO 

so that the series converges in the sphere || x 1| < pa] ©[P*] is non- void and 
contains the sphere. On the other hand, from the definition of" the infimum it 
follows that for every « > 0 there is a point u on the unit sphere such that 
p{v) < po -f- 6. Hence if | a | > pa lim sup„_«, || Pn{au) |p'” > 1 and the 
series diverges for x = au. Thus every spherical surface || x || — p with p > po 
contains infinitely many points where the series diverges because the terms do 
not tend to zero. It follows that || x H < po is the largest open sphere with 
center at 6 contained in ©[P*]. The converse follows from Theorem 4.4.1. 

If p„ > 0 and II X II < (1 — 6)pu, then 

II PM II g II P„ 11 11 xil" g [p„(i - MriPuH - «)]" < (1 - 6 / 2 )" 

for n S n{e) and the uniform convergence of the series for || x |1 < (1 — €)pu 
is evident. On the other hand, the definition of the supremum implies that 
for every e > 0 the inequality |1 P, H § [p„(l - e)]“" holds for infinitely many 
values of n. For each such n we can find a on the unit sphere such that 
II Pa(un) II ^ [p«(l — 26)]“” and if p is given, pu < p, i may be chosen so small 
that 


llP„(pn„) II = p”|lPn(Mn) 11 > p’’[pu(l - 2.)p = A” 

where A > 1. This implies that the series cannot converge uniformly on the 
spherical surface |1 x 1| = p when p > p„ . Theorem 4.7.2 shows that p« > 0 
whenever po > 0. This completes the proof. 
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We may very well have pu < Pa • This is shown by the following modification of the 
example used in section 4.4. We take ^ - {k)j g) == Zj and 

CO 

f(j,) — • 2) i,Oiri) ) X — {ttl j QJj 7 ' * * ) 7 ' ‘ * } • 

1 

This is an F-power series and a simple computation shows that pu = 1 and pa = « . 


4.8. Further applications of Baire continuity. We now return to the 
problem of deciding when a Cr-differentiable function is actually F-differentiable. 
The earliest solution of this problem appears to be due to A. E. Taylor (1937) 
who showed that continuity is sufficient. We replaced this assumption by local 
boundedness in section 4.5; the much weaker condition of continuity in the 
sense of Baire, found by Max Zorn, will now be considered. For the proof 
we shall need some simple lemmas which we state without proof. 

Lemma 4.8.1. If fix) and gix) are Baire continuous j so are afix) + Pgix) 
and fiax + a), where a, /3, and a are fixed, a, 0 ^ Zi, a £ X. 

Lemma 4.8.2. If fix) is Baire continuous for || a; — a || < p and Fix) = fix) 
or 6 according as |1 a: — a 1| < p or p, then Fix) is continuous in the sense of 
Baire for all x. 

Theorem 4.8.1. If fix) is defined as a G-differentidble function, continuous in 
the sense of Baire, in an open set 5D, then fix) is F -differentiable and hence analytic 
in !I). 


Proof. The basic idea of the proof is to show that the Baire continuity of 
fix) with respect to x extends to the variations hi, • — ,hn) with respect 
to all in + 1) variables. Since these variations are symmetric n-linear forms 
of hi, * ,hn j Baire continuity implies ordinary continuity with respect to the 
increments by virtue of Theorem 4.2.8; this in turn implies that d^ix] h) is an 
F-power in h and the Taylor series is an F-power series with a positive radius 
of absolute convergence so that fix + h) is analytic in h for small \\h\ \ and 
rr £ ©. This makes fix) analytic in ©. 

We start with the first variation. Let a £ ©be fixed and let ©: |1 rr ~ a H < 
p be a sphere in ©. We define 


Fix) 
Fnix, h) 


[fix), CC ' £ @, 


e, X £ ae - 



n — 1, 2, 3, • • * , 


The functions are continuous in the sense of Baire with respect to the arguments 
involved by Lemmas 4.8.1 and 4.8.2. Further 

lim Fnix, h) = dfix; h), 


X e h e 
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Theorem 4.2.7 then implies that ^f{x; h) is Baire continuous with respect to x 
(in <S to start with but the extension to all of 2) is immediate) and /i 6 X. As 
already observed, this makes hj{x\ h) continuous in h for x fixed in 35. We can 
now apply the same type of argument to 6f{x; hi ) . It is a (?~differentiablc, Baire 
continuous function of x in 35 and a continuous function of hi . It follows that 
h , A-) is continuous in the sense of Baire with respect to all three variables 
and hence continuous in the ordinary sense with respect to hi and Ih . In the 
same manner we prove that all variations d^ix; hi y * • • , hn) are continuous in 
the sense of Baire with respect to all variables and hence continuous with respect 
to , • • • , hn so that h) is also a continuous function of h for a; 6 25. The 
Taylor series 

f(x + A) = E h), X 6 S), 

converges in a neighborhood of h = d and is an i^-power series in h. By Theorem 
4.7.3 it is then an analytic function of h in this neighborhood of h = 6, Hence 
fix) is analytic in 3) and the theorem is proved. 

This method appears to be quite powerful. With its aid Max Zorn has proved 
the following theorem which solves a problem which has ))een outstanding for 
some time. 

Theorem 4.8.2. If fixi , .ro) is defined on 'X, X 31 to ^2) (ind is F -differentiable 
with respect to each variable separately y then it is F -differentiable with respect to 
he pair (a;i , X 2 ). The norm inX X3i is defined to be, for instance, || (xi , xf) || — 
\xi\\ + t|X 2 l|. 


CHAPTER V 

ANALYSIS IN BANACH ALGEBRAS 

5,1. Orientation. In the case of a Banach algebra we may consider func- 
tions (i) on scalars to the algebra, (ii) on the algebra to itself (or to another 
algebra), and (iii) on the algebra to scalars. The theory of functions of type 
(i) differs from the theory developed in Chapter III only by the added freedom 
resulting from the presence of products. For this reason we shall not devote 
much time to general questions, but concentrate the attention on a study of 
the resolvent, that is, the inverse of \e — x, considered first as a function of X 
and later also of x. This is a central problem in the theory of linear transforma- 
tions in which case x = T is an element of a space of endomorphisms of a given 
(B) -space. This problem is also basic in our approach to functions of type (ii) 
where we are primarily interested in the problem of extendmg analytic scalar func- 
iioris from the scalar field to the algebra. Corresponding problems for the case 
in which the (B) -algebra does not have a unit element are solved in Chapter XXII. 
Among functions of type (iii) we consider only linear bounded multiplicative 
functionals, assuming multiplication to be commutative. These functionals 
are intimately connected with the spectral theory; their relations to functions 
on maximal ideals will be brought out in Chapter XXII. The latter chapter 
contains numerous complements of the analytical theory of (B) -algebras as well 
as the algebraic theory and should be consulted in connection with the reading 
of the present chapter. 

There are five paragraphs : Regular and Singular Elemerits, Functions on Scalars 
to the Algebra, Spectral Theory, Functions on the Algebra to Itself, and Functions 
on the Algebra to Scalars. References are to be found at the end of each para- 
graph. 


1. Regular and Singular Elements 
5.2. Regular elements. Throughout this chapter the symbol 53 denotes 
a complex Banach algebra having a unit element e. Multiplication is non- 
commutative unless the contrary is explicitly stated. All statements regarding 
limits and convergence are to be understood in terms of the noimed metric of 
the space 53. 

There is no mention of inverses in our postulates, but it is a priori evident 
that some elements have inverses. The distinction between elements which 
have inverses and those which do not is fundamental in this theory. 
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Definition 5.2.1. An dement x is said to he regular if there is an element 
called the inverse of x, such that x = e. A non-regular element is called 

singular. An element y (z) is said to he a right (left) inverse of xifxy = e {zx — e). 

An element may have any number of either right inverses or left inverses. 
However, if xy = zx = c, then zxy = ze and y — z. Thus in an associaiivc. 
algebra the existence of a right inverse implies that the element has either no hft 
inverse or the right inverse is also a left inverse and the element is regular. In 
non-associative systems this is not necessarily true. If S3 has no divisors of 
zero (see section 5.4), right and left inverses are also unique when they exist. 

The distribution of regular elements is an important question to which the 
two following theorems give an answer. 

Theobem 5.2.1. Every clement x in the open sphere || x c jj < 1 is regular 
and for such an x 

(5.2.1) = e + .r)”. 

Proof. The series is ali*solutely convergent so it defuKis an element of 53 
and multiplication by x — c — (e — a;) on right or left gives e. 

Theorem 5.2.2. The regular elements form an open set m 53. 

Proof. We denote the set of regular elements l)y and shall show t iiai if 
Xq 6 ®, then the elements in the open sphere || aj — .ro || < |1 ||~''^ also behmg 

to Formally 

X ^ == [.To ““ (To — t) 1 == To^[c (To .T).rn 

( 5 . 2 . 2 ) 

nasi 

This series, however, is absolutely convergent when 1| x — ;ro jj < |j.ro' !| ' 
and multiplication by a; = .Uo — (a-o — x) on right or loft gives c. Thu.s the .'^um 
of the formal series is actually so the a.ssertion is proved. Moreover, the 
series shows that 

il ii g || ||“ || a- - |1 [1 - i| a: - % |1 i| rdT’ |ir. 

Hence: 

Theohem 5.2.3. The inverse x~^ is a conlinuous Junciiem of x in 

It should be noted that the property of being regular or being singular i.s 
not invariant under extensions and contractions of the algebra. Exten.sions 
preserve regularity but contractions may not; for singular elements the situation 
is reversed. We shall see later (section 5.13) that some elements may remain 
singular under all possible extensions of the algebra. 
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5.3. The maximal group. We return to the set © of regular elements in 
S. It is clear that if x, y G so does xy, and Further, 

if X (z ®, so does x'~^. Since c 6 © and the associative law holds in 93, wc see 
tliat © is a group. We call © the maxhnal group of 33 since every other group 
in S having e as its unit element must be a subgroup of 

Being an open set, ® is the union of disjoint maximal open connected sets, 
© = Ua®« , the components oi The component ©i contaming e is called the 
principal component or the herno.l of ®. It will be shown in the Appendix [The- 
orem 22.4.2] that in the cornmutative case © has either a single component or else 
infinilely many. In the latter case the number of components need not bo 
countably infinite. 

d’HLCoREM 5.3.1. The inverse of x is an analytic fimction of x in the sense of 
JJf’fmition 4.5.2 in each of the components of ®. 

This is an immediate consequence of formula (5.2.2) and Definition 4.5.2. 

Theokem 5.3.2. ®i is an invariant subgroup of © as well as the maximal 
connected subgroup of ©. 

Proof. Let a be a fixed but arbitrary element of © and consider the map- 
pings y = aXy z — xa. Both are homeomorphisms of 3i onto itself and, in 
particailar, © is mapped onto itself. Since open sets go into open sets, each 
component of ® is mapped onto a component of ® in a one-to-one manner. 
If a € © 1 , then a®i == ©la = ®i , since both transformations map e on a. It 
follows that ab G ®i if a and b G ®i . The inverse transformations also take 
components into components. In particular, if a G ®i , thena‘~^®i = ®ia“"^ = 
®i , since both transformations take a into e. Thus, if a G ©i , so does 
Hence ®i is a subgroup of ®. 

Finally, if a is any clement of ®, the mapping u = a‘~‘^xa takes components 
onto components. In particular, it leaves ®i invariant since e is invariant. 
Hence ®i is an invariant or a normal subgroup of ®. It is also a maximal 
(H)imected subgroup of ® since any larger subgroup must bo disconnected. 
This completes the proof, but the result may be further strengthened as follows: 

Theorem: 5.3.3. ®i is the only open connected subgroup of 

Proof. Suppose that is an open connected subgroup of ®. It is conse- 
quently a subgroup of ®i . If a is any element of ®i , then is a left coset 
of ^3 with respect to ®i . As the homeomorphic image of an open set, is 
also open. It follows that the union of any system of left (right) cosets of ^ 
is open. Since the complement of with respect to ®i is the union of left 
cosets of it will be open. Consequently, ^ is both open and closed in @i , 
whence it follows that § = ®i . 

We observe that the components of ® are the elements of tlie quolienl group 
(factor group) ®/®i . 

For further properties of groups in 93 see Chapter XXII. 
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5.4. Singular elements. The set % of singular elements in 95 is closed and 
contains at least the zero element. If S is a field, 9 is the only singular ele- 
ment. We note further that g is connected because, if x is singular so is a.r, 
and X is connected with the zero element by elements in JJ. 

We note at this juncture some special types of elements which may occur 
in a (B) -algebra, all of which are singular and remain singular under arbitrary 
extensions of the algebra. 

An element x 9 ^ 6 is said to be a divisor of zero if there is a ?/ 5^ ^ such that 
either xy = 6 or yx = 0 . It is clear that y is also a divisor of zero. This notion 
has been generalized by G. Silov [1] who calls x a generalized divisor of zero if 
there is a sequence { 7/n 1 C 58 with 1 1 | i = 1 such that either xy^ ^ or ynX 6 . 
It is clear that such an element is singular. 

An element x 9 ^ 6 is said to be nilpotent if some power of x equals <9. Such 
an element is clearly a divisor of zero. This notion has been generalized by 
I. Gelfand [4] (the term quasi-nilpotent is due to E, R. Lorch [3]); x is quasi- 
nilpotent if limn->oo = 0. An equivalent condition is that e — px shall 

be regular for every finite complex fi. Finally we have the idempotent elements: 
j is idempotent if / = j. This condition is of course satisfied by the zero 
and the unit elements, but there may be other idempotents. Thus if 58 = 
®(9£) and P is a projection operator, then we have = P. Any idempotent 
j 9 ^ e is singular. 

References. Gelfand [4J, Lorch [3], Nagumo [1], and §ilov [1]. 


2. Functions on Scalars to the Algebra 

5.5. The calculus. As already remarked in the Orientation, the theory of 
functions on scalars to a Banach algebra differs from the corresponding theory'' 
of functions on scalars to a (B)-space only in the presence of ring multiplication. 
For this reason we restrict ourselves to pointing out some of the new features 
introduced by this fact. We also stick rather faithfully to the normed metrics 
and all notions are based on convergence in this metric. We have thus for the 
most part only one form of each function theoretical concept to contend with. 

In agreement with this convention, we say that a function x = x{a) on a 
measurable set S in Ek to 93 is measurable if it is the uniform limit almost everywhere 
of a sequence of cou>ntably-valued functions. Theorem 3.2.3 holds for such fun(‘- 
tions and in addition the product of two measurable functions is measurable. 

Continuity and differentiabilit}’^ are defined in the obvious manner in terms 
of the normed metric. The classical formulas of elementary differential calculus 
are largely valid for differentiable functions with values in 95, but owing to 
the non-commutative character of multiplication, they may take unconventional 
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forms. Thus if x{^) and y{^) are differentiable functions in an interval 
(^1 7 h), then x(,^)y{^) is also differentiable and 

(5-5.1) lxi^)yi&]' = x{l)y'{^) + x'(^)y(^), 

where the order of the factors is essential Similarly 

(5.5.2) [x-^(?)]' := 

is valid if and only if a;(^) is a regular element of S and a;(J) is differentiable. 
Differentiation of non-rational functions of a function requires considerations 
belonging to §5,4 and will be left to one side for the time being. 


5.6. Differential equations. It is a priori fairly obvious that the classical 
existence theorems for differential equations may be extended to Banach algebras 
(and even to more general spaces as has been shown by A. Michal and his 
school) . The following simple theorem is basic. 

Theoebm 5.6,1. Let y = /(f, x) on Ei X ^ to ^ be defined and continuous in 
each variable separately for | — Jo | ^ - oiq || ^ and satisfy 

II /(J, x) II ^ IX, II /(J, xi) - /(J, 0:2) II g 7 II .^1 - X2 II 


for J, X, Xi , x% in the regions indicated. Here a, /3, 7 , fx are fixed positive numbers 
and aix g Then there is one and only one solution x = x{^) of the differential 
equation 


dx 


.f(j, ^) 


in I J — Jo I ^ O' such that rr(Jo) = . 


Proof. The classical method of successive approximations can be used and 
leads to a sequence of functions XnCJ) defined for | J — Jo 1 ^ a by 

^o(J) = . xffO = (3^0 + f Rr, Xn-i(r)) dr, 


the integrals being taken in the sense of Bochner (actually Riemann-Graves 
would suffice). The classical proof may be followed step by step, replacing 
absolute values by norms throughout. One proves successively that the approxi- 
mations are continuous, differentiable functions of J in | J — Jo | ^ a and that 
they form a Cauchy sequence. If then lim„->oo Xn(^) = x(^), we have 

II /(J, ^(J)) ~ /(J, ^n(J)) II ^ T II x(0 - Xn(0 11 ~> 0. 


Hence 


.'c(J) == Xo + 



dr 


and 


icdo) = Xo , x'{^) = /(?, x(0). 
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The uniqueness is proved in the customary manner. 

The special case 

(5.6.1) ~ = ax, a:(0) = e, . a € ^8, 
elk 

is of interest to the theory of semi-groups. Here the method of successive 
approximations leads to the unique solution 

(5.6.2) c -f- E “ f ^ exp k{a). 

n^l U 1 

We take this series as the definition of the exponential function exp (^a). It 
obviously reduces to the classical exponential function when S3 is the algebra 
of complex numbers. 


5.7. Complex function theory. The methods of §3.2 apply to holomorphic 
functions on a domain D of the complex plane to a Banach algebra 51. In 
particular, a power series in f — fo with coefficients in 33 

E ««(f - fo)” ^ «(f) 

n ».0 

defines a holomorphic function on | f — f o ( < p to S where 
(5.7.1) 1/p == lim sup 11 |f^^ 


Incidentally, this Cauchy-IIadamard formula for the radius of convergence is 
also valid for power series with coefficients in a (B)-space. The series diverges 
outside the circle. 

In the case of a Banach algebra, however, we may multiply absolutely con- 
vergent power series and the product is an absolutely convergent power series 
whose coefficients are given by the Cauchy formula so that 


CO 


00 


CO 


tl»sO Tl3«0 


r E 




r . 


The order of the factors is of course essential. Further, if the constant term Oo 
of a:(f) is a regular element of 58 so that exists, then has also a holo- 
morphic inverse for sufficiently small values of 1 f — fo j. This follows from 
Theorem 5.2.3 and formula (5.5.2). 

The formula 


(5.7.2) exp (fa) = 6 4- E^-^”, a € SB, 

n^l n 1 

clearly defines an entire function of f and, in agreement with (5,6.1), we have 
(5-7.3) ^ exp (fa) = a exp (fa) == exp (fa) a. 
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A simple calculation shows that if osj and 02 commute then 

(5.7.4) exp (fiffli) exp (faOj) = exp (fiOi + fzOj) 
and, in particular, 

(5.7.5) exp (fa) exp (—fa) = e 

for all f. Hence exp (fa) has an inverse for all f and a. These formulas serve 
as further justification for the name exponential function assigned to the series 
in (5.7.2). 

In conclusion let us remark that in dealing with analytic functions to a Banach 
algebra the analyst has to be prepared for functions with somewhat unconven- 
tional behavior; the similarity with the classical case is not merely suggestive 
but also deceptive. Thus, for instance, if g is a quasi-nilpotent element, the 
function log (e — gf), defined by the obvious power series, is an entire function 
of f. Similarly the function (e — af)“* is ordinarily not a rational function of f . 
We shall make a thorough study of this function or rather of an equivalent 
function in the next paragraph. 

References. Kerner [1], Nagumo [1]. 


3. Spbctkal Theory 

5.8. The resolvent. We shall consider the inverse of Xe — a as a function 
of X for a fixed a € S3. The resulting theory is closely related to the discussion 
in section 2.14, where we considered the resolvent of a linear transformation T 
on a (B) -space to itself, and has direct and important applications to the theory 
of i2(X; r) . Our present point of view is somewhat different, however, inasmuch 
as we are interested only in what happens in the given space and not in any 
underlying space. Thus the classification of the spectrum into point spectrum, 
continuous spectrum, and residual spectrum has no longer any sense and we 
are merely concerned with the resolvent set and its complement the spectrum. 

If we so desire, however, we may consider the element a as an operator defining the 
transformation ij = oa: on S to itself and to this operator we can apply the discussion in 
section 2.14. Thus we have to distinguish between the spectral properties of a as an ele- 
ment of i8 and as an operator on 58 to itself. It is properties of the first kind which con- 
cern us hero. 

Definition 5.8.1. According as \e — a is regular or singular in we say 
that X belongs to the resolvent set p(o) or the spectrum <r{a) of a. For X in p(d) the 
inverse of \e — a exists; it is denoted by Ri\; a) and called the resolvent of a. 
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We have from the definition 

(5.8.1) R(X; a){\e — a) = {\e — a)i2(X; a) — e, \ € p(^)' 

Theorem 5.8.1. The resolvent set is open. In each of its components fi(X; a) 
is a holomorpMc function of X. 

Proof. Suppose that Xo G p{a) and substitute x = Xe — a, a;o == Xo e — a 
in formula (5.2.2). Since xq — x = (Xo X)e, the formal result is 

(5.8.2) jK(X; a) = R{\o ; a) |c + £ (Xo - X)“[/e(Xo ; a)r| . 

This series is absolutely convergent at least when 

1 X — Xo 1 < 11 i2(Xo ; a) II ^ 

and within this circle it defines a holomorphic function of X. Multiplication 
by X (3 — a = (X — Xo)e + (Xo e ~ a) on left or right gives e, so the series actualfy 
represents the resolvent. This shows that a circular neighborhood of Xo also 
belongs to p(a) and i2(X; a) is holomorphic in this neighborhood. This proves 
the theorem. 

As an open set, p(a) is the union of a finite or countably infinite number of 
disjoint connected open sets, the components of p(a). We shall see in a moment 
that there is at least one component, pi(a), known as the principal component and 
containing the point at infinity. But ordinarily there are infinitely many com- 
ponents. Thus, 22 (X; a) is in general not an analytic function in the sense of 
Weierstrassy hut rather an analytic expression defining distinct analytic functions 
m the distinct coynponents. We shall express this fact briefly by saying that 
22 (X; a) is locally analytic or, since 22 (X; a) is always single-valued, locally holo- 
morphic. 

In studying the principal component we shall need the following 

Lemma 5.8.1 . Let {an! he a segymice of real numbers such that am^n ^ ctm + «n 
for all m and n. Then a = limn-^co (an/n) exists and — ''-o g a < + co . 

For the simple proof we refer to G. P61ya and G. Szego [1, p. 171, problem 98]. 
Actually a = mi{an/7i).’ The sequence [an! is subadditive in the subscript 
and the result is closely related to Theorem 

Theorem 5.8.2. We have 

22(X; Cl) — cX ^ X ” ^ 

/or 1 X I >7 where 

7 = lim 
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Proof. Putting 

an = log II a” II, 

it is a simple matter to verify that a„+„ g Om + «« ■ Hence 
lim — = lim log || a" = a 

n-**>oo 71 

exists. We put = 7 . That the series converges absolutely for | X | >7 
follows from formula (5.7.1). Multiplication of the series by {\e — a) on either 
side gives e. Hence the series represents i?(X; a) for | X | > 7 . 

It follows that the exterior of the circle | X | = 7 belongs to p(a) and by def- 
inition it belongs to the principal component of p(a) . 

Theorem 5.8.3. The spectrum of a is a closed non-vacuous point set. 

Proof. The spectrum, being the complement of the open resolvent set, is 
necessarily closed. If <r{a) were vacuous, then p(a) would be the whole complex 
plane and R(\; a) would be an entire function which is also holomorphic at in- 
finity. By the extended Liouville Theorem 3 . 12 . 2 , JS(X; a) must be a constant 
and, since i2(X; a) 6 when X 72(X; a) = 6 which clearly contradicts 

formula (5.8.1). 

Any closed hounded point set in the \-plane may be the spectrum of an element 
in a suitably chosen Banach algebra. Thus if x(^) is a bounded complex-valued 
function defined on ( 0 , 1 ) and || a;(-) H = sup [ a;(f) |, then the set of all such 
functions with the arithmetical operations defined in the ordinary manner is 
a Banach algebra. Here the spectrum of a;(-) is clearly the closure of its range 
which may be a perfectly arbitrary closed bounded point set. 

That 72 (X; a) is locally analytic was proved above with the aid of the series 

( 5 . 8 . 2 ) . A more direct proof could be had from formula ( 5 . 5 , 2 ) and the remark 
in section 6.7 according to which the inverse of a holomorphic function is holo- 
morphic wherever it exists. Applied to the holomorphic function Xe — a, 
it shows that 72 (X; a) is holomorphic wherever it exists. 

For future reference we note the formula for the derivatives of 72(X; a) which 
may be I’ead off from (5.8.2) : 

(5.8.3) a) = (-l)'‘fcl a)f+\ 

5.9. The resolvent equation. A basic property of the resolvent is contained 
in the resolvent equation : 

Theorem 5.9.1. If X and y belong to p(a), then 
(5.9.1) 72(X; a) 72(ju; a) = “(X — p)72(X; a)R{^; a). 

Remark. We shall later encounter a second resolvent equation. (5.9.1 ) will then be called 
the first resolvent equation. 
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Proof. AVe have 

R{\] a) = i?(X; a)(jue — a)R{fM\ a) 

= R{\] a)[(fx — \)g + (Xe ~ a)]R{pL] a) 

= (/i — X)i2(X; a)R{ix] a) + R{p-\ a). 

Incidentally, it follows from (5.9.1) that i2(X; a) and R(ix\ a) commute. It 
should be observed that it is not necessary for X and m t-o belong to the same 
component of p(a). AVe note also that the resolvent equation is satisfied by 
all resolvents i?(X; a). The value of a determines the domain in the complex 
plane where the equation is satisfied. 

The functional equation 

(5.9.2) R{\) - Ria) = -(X - }j)R{\)R{ix), R{\) G 53 

is of great importance in analysis. The equation imposes quite severe restric- 
tions on the solutions which have to be analytic in X, All resolvents are solu- 
tions, but we shall see that there are other solutions as well 

Theorem 5.9.2 Let R{\) he a single-valued function on a domain D of the 
complex plane to a Banach algebra 53, satisfying (5.9,2) for all values of X and p 
in D. Then R(\) is holomorphic in D. A necessary and sufficient condition 
that J?(X) be the resolvent of some element of 93 is that R(\) he regular for at least 
one value of X in D. 

Proof. The equation (5.9.2) shows that 7f(X) and R(p) commute. Let 
Xo G jD and replace p by Xo in the ecjuation, obtaining 

iJ(X)[c -f- (X — Xo)^(Xo)] == jf2(Xo). 

By Theorem 5.2.1 the second factor on the left has an inverse at least for 
I X —• Xo I II /i(Xo) 11 < 1 and multiplying both sides by the inverse gives 

R(\) = R{U) + E (Xo - X)’‘[72(Xo)r]‘. 

Heuce R{\) is holomorphic in a neighborhood of X = Xo and, X® being arbitrary, 
this means that R{\) is holomorphic in D. 

If R{\) is the resolvent of an element a of ® for X G D, then R(\) is regular 
for every X 6 p(a) and in particular in 7). It follows that the stated condition 
is necessary. Hut it is also sufficient. Suppose that [72(Xo)]'"^ exists and put 
a = Xofi — [fi(Xo)r'. Then Xe — a = (X — Xo)e + [jf2(Xo)]~* and by (5.9.2) 

/f(X) ((X - Xo)e + [/i;(Xo)D = (X - Xo)2i:(X) + Rix)[Rih>)r^ 

= (X — Xo)72(X) 6 — (X — Xo)7f(X) == e. 

Thus R(\) is the resolvent of a. It is easily seen that a is actually independent 
of Xo . 
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Corollary. Every soluUon of the resolvent equation which is defined and single- 
valued in some neighborhood of X = Xo is of the form 

(5.9.3) /i!(X) = E (X„ - 

where x is an element of 33. Conversely^ every snch series satisfies the resolvent 
equation in its circle of convergence. It is a resolvent if and only if x is regular. 

If X is singlar Ave call the function R{\) defined by (5.9.3) a pseudo-resolvent. 
Using Theorem 5.8.2 we may express R{\) in terms of a resolvent by the formula 

im = (Xo - X)AT7t][(Xo - X)'Yi:]. 

In particular, if x = qis quasi-nilpotent, then R{\) is an entire function of\ which 
reduces to a polynomial if q is actually nilpotent. Conversely, if a solution R{X) 
of the resolvent equation is an entire function o/X, then /i(X) is qu>asi-nilpotentin 33 
for every X. 

Tlie resolvent equation admits of several simple transformations wliich leave 
it invariant and which consequently enable us to construct new solutions. 
The following results are worthy of notice ; the verifications ai'e left to the reader. 

(1) If R(\) is a solution j so is R{\ + a) for any fixed a. 

(2) If j is an idernpotenl m and j commutes with 12 (X), then ;/f2(X) is also 
a solution. 

(3) If 22(X) is a solution so is 

In connection with (2) the following remark should be made. If i2(X) is 
a resolvent, R(\) == i2(X; a), then jR(\) is a quasi-resolvent in the sense that 

(5.9.4) (jX - ja)jR{\] a) == j, 

that is, jR{\] a) may be regarded as the resolvent of ja in the subalgebra j^j 
in which j plays the role of unit element. 

We come finally to solutions which are holomorphic at infinity. 

Theorem 5.9.3. Every solution of the resolvent equation which is hounded 
outside a large circle is of the form 

(5.9.5) Ri\) == ^ + jR(\; x) 

where / == 6, f == f, zj = jz = xj = fx == that is, x € Such a solu- 
tion is a quasi-resolvent if z — 6, a resolvent if z 6, j = e. 

Proof. Since R(\) is holomorphic at every finite point where it is defined 
and bounded at infinity, it must be holomorphic also at infinity. Substituting 
R^OO — CnX”” in (5.9.2), dividing by (X — /x) ? and comparing coefficients of 



102 


FUNCTIONAL ANALYSIS AND SEMI-GROUPS 


[§3 

like powers, we see first that all coefficients commute and obtain the following 
system of equations: 

Co = Q, CoC/i = 0 for all /c, 

Cl = Cl , Cfi ~ Cyi—jCj.f-i, Th ^ 3 t ^ 

The last set of equations shows that = {c^ > h Putting Co = 2;, Ca = j, 

C2 == X, we obtain the expression stated in the theorem and the relations between 
j and X are read off from the equations. The remaining assertions then be- 
come obvious. 


5.10, The Laurent resolution of the spectrum. Consideration of the 
Laurent expansion of a solution R{\) of the resolvent equation leads to important 
conclusions concerning the structure of i?(X). Since the resolvent equation is 
unchanged under translations, it is no restriction in assuming that the center 
of the annulus of holomorphism of R{\) is at X = 0. 

Theorem 5.10.1. If R(X) is u solution of the resolvent equation for Q g 71 < 

I X I <72 S ^ i then 

72(X) - /r(X) + iznx). 

(5.10.1) 

7£~(X)/?+(X) = = e, 

tohere 

(i) R~(\) a>'^d R^iS) are also solutions of the resolvent equation] 

(ii) J?‘“(X) is holomorphic for | X | >71 and is of the form 

/r(X) - jR{X] al, 

j being an idempoieni and oT G if 71 = 0, oT is quasi-nilpoicni] 

(iii) i2’^(X) is holomorphic for | X [ <72 and 

= L {~xr‘ar\ 

n «=0 

ao belonging to the subalgebra (c — j)93(e j). 

In particular^ if i?(X) is the resolvent of the dement a, then 

a — af" + (T, 

where 

a~ = ja, = (e ~ j)a, -Ooa'^ = a - j, 


and 


[(e ~ j)X - a+]7T!+(X) = (c - j), 
O'X - a~)7J“(X) = j. 
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Remark. This theorem is suggested by results of M. Nagumo [1] who discussed the 
case in wliich jK(X) = R{\; a) and the center of the annulus is an isolated singularity on the 
boundary of the principal component of p(a) . Nagumo, however, stated that the functions 
and i2”(X) are resolvents; properly speaking they are merely quasi -resolvents as 
will be seen. 

Proof. Substituting a Laurent series in the resolvent equation, we obtain 

M n eo 00 

— CO A ” ^ — OO — 05 

It is easily seen that all the elements Cn commute with each other. Also on the 
left-hand side of the above equation the coefficient of Cn is 

^n-x ^n-2^ + . . . 4. if n ^ 1; 

0, if n = 0, 

— if ri < 0 

Thus all terms involving X'^ and n being negative, are missing as well as 
those involving mixed products X^m”* in which the exponents have opposite signs. 
This implies that every element cu with fc ^ 0 is orthogonal to every Cm with 
m ^ — 1. Then defining 

= E c,x, ir(x) = E c„x”, 

tisaO niBP—oo 

one sees that relations (5.10.1) hold. Substituting this expression for I?(X) 
in the resolvent equation and using the orthogonality property, it may be seen 
from the power series involved that both R'^{\) and RTiS) will be solutions 
of the resolvent equation. 

jf2“(X) is holomorphic at infinity and vanishes there. Hence from Theorem 
5.9.3, i?“(X) = jR{\] oT) where oT G The series defining i?(X; cT) converges 
for 1 X I >71 and if 71 = 0 this implies that cT is a quasi-nilpotent element. 
The idempotent^' cannot be 6 unless R~{\) = 6 and it will be seen in a moment 
that j ^ e unless 72'^(X) = 6. 

Since jR*^(X) is holomorphic at the origin the corollary of Theorem 5.9.2 shows 
that R’^iX) = I3n«.o { — XVao'^K Since ao = Co and j = these two elements 
commute and are orthogonal to each other. It follows that ao belongs to the 
subalgebra {e — y)93(r — i). The assumption j = e would clearly imply ao = 0 
and R'^(X) ^ 6, 

R'^iX) being orthogonal to j, we conclude that 

R^{X) = jRiX) = R{X)j, R-^iX) = (e -- j)R{X) = R{X){e - i), 

and 

i?'“(X)ao = ooR'^iX) = d, R'^{X)ar = a“jB^(X) = 6. 
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If R{\) is the resolvent of a, 

(Xe — a)R0\) = J?(X)(Xe — a) = e; 
upon multiplication by the idempotents j and e — j this identity yields 
(jX - ja)Rr{\) = i2“(X)0X - ja) = j, 
lie - j)X - (c - i)a]S+(X) = R^mie - j)\ - {e - j)a] = (e - j). 

On the other hand, from the definition of i2“’(X) it follows that 
(jX - ar)K^i\) = - oT) = j. 

Since oT and ja are both in j%‘, the fact that they have the same qxiasi-resolvent 
in this subalgebra implies that they are equal, oT = ja. Putting == a — a^ = 
(e — j)a, it is seen that 

-~a+E^(0) = -a^ao ^ e - j 

and so a'^ is the quasi-inverse of — ao in the subalgebra (e — j)S3(c — j). The 
remaining parts of the theorem are at once verified. 

CoROLLAEY. If 6 IS the only quasi-nilpotent element in S3, then any isolated 
singularity of Ri\)is necessarily a simple pole. 

Indeed, if the isolated singularity is at the origin as we may assume, the 
principal part of R{\) there is K”(X) = ji?(X; oT) where oT has to be quasi- 
nilpotent and hence equal to Q. i?“(X) then reduces to its first term j/X and 
i2(X) has a simple pole. In the terminology of Definition 22.13.2, 55 is without 
a radical. 

For the case in which J?(X) == i2(X; a), Theorem 5.10.1 asserts that to a par- 
ticular resolution of the spectrum of a into two complementary sets corresponds 
a resolution of a and of J?(X; a) into orthogonal components. This is merely a 
special case of a more general resolution theorem which will be proved in th (3 
next section. 

5.11. Spectral sets. The basic notion here is that of a spectral set intro- 
duced by N. Dunford. We shall also need the notion of an oriented envelope 
of a spectral set. 

Definition 5.11.1. A non-void set a is called a spectral set of aif <r is a subset 
of cr(a) and cr is both open and closed in (r{a), T{a) is called an oriented envelope 
of cr if 

(i) r(cr) is the union of a finite number of closed simple reciifiahle curves having 
no points in common] 

(ii) r(cr) lies in the resolvent set p{a) of a; 

(iii) r(Gr) bounds an open set A{o) containing cr; 

(iv) cr' = cr(a) — or belongs to the complement of r(cr) U A{a ) : 
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(v) maxxer(<r)^^(X, o) < cr'); 

(vi) in the positive orientaLion of r((r), the set A(cr) lies to the left of r(o-). 

Condition (v) ensures that the closure of a A(cr) has no points in common 
with the closure of a The construction of r(cr) can be based on a simple 

Hcinc-Borel argument which is left to the reader. 

To each resolution of u(a) into disjoint spectral sets there is a corresponding 
resolution of a and Ii(\; a) given in the following 

Theorem 5.11.1. Let cr(a) == Uicr« where each era is a spectral set of a and 
cTa n = 0 when a 9 ^ Define 

(5.11.1) = A £ a) dt, 

where is an oriented envelope of o** • Then 

k 

Hu = e. = i« ) Uh = 6 , a 7 ^ /3, U ^ e. 

1 

Setting 

a^t ^ j aa^ a) = a), 

then 


h 


R{\; a) -H a), 

1 

Ra(\; a)Rf(\-, a) = 6, 

/3; 

k 

a “ ^-2 act , 

1 

ft 

II 

a 9^ P; 

i?«(X; a)a8 = a^RaO^] a) = 6, 


« 7^ i8; 


{joch — aa)i^a(Xj a) — Raifiy ^)(^'o:X a^) — ja • 

Furthermore, the spectrum of a a is a a in addition ie X = 0 and ii«(X; a) is holo-- 
morphic in each domain of the complex plane which does not contain any points 
of cTa . Finally 

i?a(X; a) = yaX~^ + X) ” 

1 

/or I X I > T« = |1 al |p'". 

Pboop. It is first observed that if T is a circle | X | = 7 > 1 1 o |1, then 

? a Z,/®’ “> * - 2S i ‘ 


» 
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By the resolvent equation 

"" (^2 /j, /j, “) ^ 1 ^ 

- f Ri^; a) di. — / . 

27rZ Jpjg 27ri ^Ttt IJ^ \ 

It a — ^ replace by , another oriented envelope of o-« containing 
in its interior. In this case the two integrals involving (fj, — X)”^ are equal to 
2 x 1 and 0 respectively and so/i = ja . Ita ^ 0 each integral is zero mdjaj^ = 6. 

We note next that ja and a commute by formula (5.11.1) since a commutes 
with R{\; a). Furthermore ja and R(\; a) commute by the same formula 
since the resolvents R(\; a) andiE(ju; a) commute. The orthogonalityproperties 
of tta and i?a(X; a) are immediate consequences of those of ja . The quasi- 
resolvent property follows from multiplying (Xc — a)i2(X; a) = c by j\ = ja . 
The given representation of i?a(X; a) for | X | > 7 a then follows immediately. 

From the resolvent equation we obtain, upon dividing by (X ~ m) and inte- 
grating with respect to ix around the contour Fa , a result which may be written 


i?a(X; a) 


■-■I 

2x1 Jv 


+ mx; a) A 
r« M — X 271^ 


i 


dfjL 




For X outside of A((ra), the first integral, being of the Cauchy type, is a holo- 
morphic function of X, while the second integral is zero. Replacing Fa by Fa 
as above, the first integral is holomorphic for X in A'(cra), while the second teim 
becomes /2(X; a). Hence 72a(X; a) is holomorphic outside any oriented envelope 
of (Ta and inside Fa it has exactly the same singularities as 7i(X; a), that is, the 
set a a * . This shows also that j a ^ 6, e. 

Finally we consider the spectrum of Ua . For | X | > 7 « 


J?(X; (la) ~ e\ ^ + X/ ^ ss (e — j^)X ^ + /fa(X; a). 

1 


The singularities of the last member arc clearly 0 and a- a . This completes the 
proof of the theorem. 

The possibilities of extending this resolution theory to infinitely many com- 
ponents will not be considered here. 

The following theorem follows from the results of Theorems 5.10.1 and 5.1 id . 


Iheorkm 5.11.2. Let the resolvent R(\; a) be holomov'phic except for isolated 
singular points Xi , X^ , * ’ • , X/; . Then there exist k idempotenis ii , » • * * , jk 

where 


2.XI JVa 
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r„ being a small circle about Xa , such that 

R(\; a) = Z B;(X), RZWRJih) = 6, a ^ 

1 

and 

Raih) = j.Rih] a) = - X„)-' + Z (a-r(X - X„)-”-\ 

1 

Here dZ = jaici ~ Xac) is quasi-nilpoient {or nilpotent). Furthermore^ aZetJ — 0 
and a = ^ aa "4" j n\n • 

Thus, to a complete resolution of the spectrum of a corresponds a complete resolu- 
tion of a and of the resolvent of a, 

5,12 » Some special resolvents. We shall list the properties of E(X; a) for some par- 
ticular choices of a. 

(1) a = g is quasi-nilpoient. Then 

00 

R{\] q) - eX-i + 2 
n=l 

which is an entire function of 1/X. The spectrum reduces to one point, X — 0. If Qf is 
actually nilpotent, the series reduces to a polynomial in 1/X. 

(2) a = i is an idempoieni. Then the resolvent series gives 

In this case the spectrum consists of two points, X = 0 and 1, each of which is a simple 
pole of the resolvent. 

(3) a = ac is a scalar multiple of the unit element. It is easily verified that 72 (X; a) has 
the same property and 

72(X; ae) = (X — 


with a simple pole at X = a. 

In connection with (2) the following theorem due to E. H. Lorch is of interest : 

Theoeem 5.12.1. A necessary and sufficient condition that a Banach algebra SB shall con- 
tain an idempotent different from 0 and e is that there is at least one element of SB whose spectrum 
is not connected, 

Pkoof. By virtue of (2) above, the condition is clearly necessary and by Theorem 
5.11.1 it is also sufficient. 

5.13. Permanent spectral singularities. It may be recalled that the 
regular or singular character of an element depends on the algebra in which it 
is embedded. If a G 33i C 332 and a is regular in 33i , then it is also regular 
in 582 provided that the extension preserves the arithmetical operations and the 
unit element. However, an element may be regular in 332 but not in i8i ; in 
other words, an element a as a rule has two different spectra in 33i and , 
o-(a; 58i) and cr(a; 332) respectively with cr{a\ 33i) 3 <7(a; 332). The following 
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■definition is due to E. It. Lorcli; Theorem 5.13.1 is duo to C. E. Rickart (cf. 
S. Bochner and B. S. Phillips), the first half of Theorem 5.13.2 is due to E. R. 
Lorch and the second half to G. Silov (for the case of acciossiblc singularities). 

Definition 5.13.1. A point X € cr(a; S3]) is a reviovahle spectral singnlarily 
■of a in ^lifXi o'(a; S32) for a suitable choice of 352 ^ 33i . H is a pemnanent 
spectral singularity of a if X G cr(a; 352) for every possible extension Sl^ of 33i. 

Theorem 5.13.1. If an and a'^ exists for each n, then either exists 
or «() is a generalized divisor of zero. 

Proof. Suppose ao’^ does not exist. XVe prove that lim supn-.»oo II |1 
= CO. Suppose II aV/ II ^ M < CO, for all n. Then 

II arn an |j ~ || ^^w)^n || ^ AI || Cr-i || ^ 0, 

that is, there exists a bo such that aT/ — > bo * Moreover 

Oobo — (an — an)bo + O^n(bo — an) + Undn • 

Since (ay — ajbo -> 0, an{h ~ 0, and UnOlf = e we have c^h) = e, Simh 

larly boao = e, Tliis is a contradiction; therefore lim supn.-*3c || || — cc 

and we may clearly assume that this holds with lim sup replaced by lim. Now 
define b„ = off / \ \aif \ \ so that |i b„ |1 = 1. We liave. 

Oibn ^ an)bn ”4“ (Inbn j 

where the two summands on Bie right tend to 6 when — > co . ThenTore 

aobn 0; that is, ao is a generalized divisor of zero. 

Corollary. If & is the maxmal group in 33, Ihen the elenieMs on the tmuruh 
ary of ® are generalized divisors of zero. 

Another consequence is: 

Theorem 5.13.2. All points belonging to the Immdary of the. spectrum of an 
element a m S3 are permanent spectral singulariiies of a. If Xn is such a boundary 
point, then XoC — a is a generalized divisor of zero. 

Proof. The second half of the theorem follows dircRitly from tlici preceding 
theorem and this shows that Xoe — a is a singular element of S3 as well as of 
any extension of S3. 

This theorem also has intcu’csting consequences. 

Corollary 1. The com>ponents of p(a; are also components of p(a] SSa) 
if 33i C 332 . 

Corollary 2. The spectrum (r(a; 33) remains invariant under (i) extension 
o/-33 if o-(a; 33) is nowhere dense, (ii) contraction of^ if p(a; is connected. 
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5.14. Resolvents of linear operators. We shall now take up the problem 
of fitting the theory of resolvents of linear operators, first broached in section 
2.14, into the theory of resolvents of elements of a Banach algebra developed 
in the preceding sections. 

We take 33 == @(X), that is, the Banach algebra of linear bounded transforma- 
tions on a (B)-space to itself. Suppose first that T G S(3£) and let 7?(\; T) 
be its resolvent in the sense of Definition 2.14.1. Thus R(\; T) £ G(X) for 
X in piT) but not for any X in a{T). It follows that i?(X; T) is the inverse of 
X/ — T in the algebra @(X) and the notions of resolvent set and spectrum- de- 
rived from Definition 5.8.1 coincide with the corresponding notions of Defini- 
tion 2.14.1. 

From this it follows that all results derived in the preceding sections apply 
to T) as an element of (g(96). Thus p{T) is an open set, (r(T) is closed and 
never vacuous, 7?(X; T) is holomorphic in each component of p{T) and, in par- 
ticular, in a neighborhood of the point at infinity. The resolvent equation is 
satisfied and the various scries expansions based on the resolvent equation 
are valid. Further the discussion of the resolution of the spectrum applies. 
What we do not get, however, is the resolution of the spectrum a{T) into the 
three components Po'(T), C(r{T), and R(j{T) since this involves conditions in 
the underlying space H. The following result, however, can be stated in terms 
of properties of R{\\ T) in ®(X) alone, though the proof requires the use of 
properties in Sec A. E. Taylor [7, p. 660]. 

Theohem 5.14.1. If Xo is a pole of f2(X; T), it belongs to the point spectrum, of T. 

PnooF. By Theorems 5.10.1 and 5.11.2 the canonical representation of 
jR(X; T) near X = Xo is 

no.) T) ^ ji Q"(X - Xo)"”"' + i?+(X; T), 

n-.0 

where .f = J, Q = J{T — Xo/) = (/’ — Xo/)./. If Xo is a pole of ordci' W, 
0 q™ = 0. We can then find an element j/ € if such that x' — 

^ Hence {T — 'koI)x = Q’V = 0. Thus x is a characteristic ele- 

ment corresponding to the characteristic value Xo . It is worth noting that if 
X is any characteristic elemeirt then Jx - x. This follows from the identity 

(X — Xo)/2(X; T)x = x, 

valid for characteristic elements, by substituting the canonical representation 
and comparing coefficients. 

On the other hand, if X = Xo is an essential singularity of /2(X; T), no assertion 
can be made concerning the spectral character of Xo . In the following three 
examples, T is a quasi-nilpotent operator, X = 0 is an essential singular point of 
/?(X; T) and is the only point of aOT) : ’ . , 

(i) X = Ok), T takes (.ri, .ta, ■ ■ • , Xn , ■ ■ ■) into fe, x^/2, ■ • • , Xn+On, ■••'), 
point spectrum; 
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(ii) 36 = C[0, 1], T takes x{t) into /o x(ii) du, residual spectrum; 

(iii) H = C7o[0, 1], subspace of ^[O, 1] where a;[0] = 0, T as in (ii), continuous 
spectrum. 

For the last two examples, cf. section 21.12 wliere, however, H == L[0, 1]. 

The same ambiguity is encountered at non-isolated points of the spectrum. 
Even an interior point may belong to the point spectrum. The following 
example illustrates this possibility: 

(iv) = C[0, “ ], 2' takes x{C) into x{t + h) vdiere h is a fixed positive number. 
Here the point spectrum is the set | X j < 1 plus X = 1 , the rest of the unit circle 
is the continuous spectrum. Cf. section 16.2. 

The case in which T is a linear unbounded transformation is less direct. We 
assume that T is closed; its domain S) and range 511 are in S. Then T\ = \I — T 
will be closed with domain S) and range 5R\ . In case exists, it will also be 
a closed linear transformation by Theorem 2.13.10. For X 6 p(7'), s 
jB(X; T) exists as a linear bounded transformation whose domain is dense 
in X and since E(X; T) is closed, we have 5Rx = S- Hence i?(X; T) ^ @(X) and 

(xr - T)E(X; T)x = a: in K(X; T){\I - T)z = .r in ®. 

If X, M € p(T), then for all .r 

/e(X; T)x = i?(X; T){^1 - T)R{n- T)x 

= R{\-, 2')[(p - \)I + (XJ - T)]R{^-, T)x 

= -(X ~ p)E(X; T)R{,x-, T)x + 7f(p; T)x, 

where the last step, i?(X; T){\I - T)R{ii-, T)x = 7f(p; T)x, is justified since 
2 ?(m; T)x 6 It follows that K{X; T) is a solution of the resolvent equation, 
belonging to ®(X) in its domain of existence p{T). It is no longer a resolvent 
in the sense of Definition 5.8.1, but it is a pseudo-resolvent and all results in 
the preceding discussion which apply to arbitrary solutions of the resolvent 
equation also apply to /J(X; T). 

Since B(X; T) is locally holomorphie, p{T) is still an open set and (t{T) is 
closed. Further, ©-(f) cannot be vacuous, since this would make /f(X; T) holo- 
morphic in the extended plane so that Z2(X; T) would be a constant and hence 
by Theorem 5.9.3, E(X; T) = Z where = 0. But (X7 - T)Zx = x for all a; 
is clearly impossible so that (t{T) is non-vacuous. It should be noted, however, 
that in the unbounded case /2(X; T) may very well be an entire function of X 
and cr(r) reduce to the point at infinity. The following simple example illus- 
trates this possibility: 

(v) = C'o[0, 1], T takes x{l) into x'{t), T) is the subspace of C'o[0, 1] wheu-e 
exists and belongs to CojO, 1]. Here E(X; T) exists and takes a'(0 into 

— /o e ' “ «(«) du which is an entire function of X. 

The series expansions based on the resolvent equation hold also in the un- 
bounded case and so does the Laurent resolution, Theorem 5.10.1 . The con- 
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siderations of section 5.11 cany over to a considerable extent as will be seen 
by the two following theorems. 

Theorem 5.14.2. Lei (ri , 0-2 , • • • , 6c hounded spectral sets of the operator T 
and cTa n cr^ = 0, o! ^ Define 

where is mi oriented eywehpe of a a . Then 

j\ = Ja J JaJ^ = 0 , C6 9^ l3j J a ^ 0, I. 

Setting 

2\ = JV. , RaiX] T) = JJi{X; T), 
then Ta C (5(36) and for a 9 ^ 13 

TaTfi = 0 , TaR^iX] T) = Rp{X; T)Ta = 0 , Ra{X) T)R^{X; T) = 0 , 

(./,X -- Ta)R.{X] T) = RaiXi T)(JaX - T f) = Ja. 

Furthermore^ the spectrum of Ta is <Ta in addition to X = 0 and Ra{Xj T) is holo- 
morphic in every domain of the X-plane which docs not contain any points of a a . 
Finally 

Ra{\; T) = Ja\~' + E 
1 

/or 1 X 1 > = ln«„-.=o II Tl IT^”. 

Proof. We have merely to examine the argument of Theorem 5.11.1 to see 
what carries over to the new situation. We note first that the proofs oiJ\ — Ja 
and JetJ^ — 0 carry over unchanged. The relations (XJ — T)R{X] T)x = x 
for all X and jB(X; T){XI - T)x = a; in ® show that 

TJaX == — [ ; T)x dt for all x 

ZTTZ JVa. 

and JaTx is given by the same expression when a; G S). Hence J a and T 
commute when operating on elements of S) and Ta = TJ « is a bounded operator 
so that Ta € ®(X). Further and R[X] T) commute because R{X] T) and 
T) commute. The orthogonality properties of Ta and Ra{X\ T) then 
follow from those of . The quasi-resolvent relations follow in one direction 
by operating on both sides of (XJ — T)R{X] T)x = xhy J\ = J<x and in the 
other by applying the operator J JR(fX] T)(XI — T) to J aX, The rest of the 
proof goes as above. 
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Theorem 5.14.3. Let 2?(X; T) he holomorplm save for the isolated singularities 
Xi , X 2 , • • • , Xfc , 00 . Then there exist k idempotents Ji , J 2 , • • • , Ju where 

Ta being a small circle about f = Xa > such that 

R(k; T) = 4 E;(X; T) + 7?+(X; T), 

1 

00 

5-(X; T) = /„72(X; T) = /„(X - X„)“' + Z (7’;)”(X - 

iJ'^CX; T) = Z (r„)"+'(-x)”. 


Further 

R-{\- r)i2+(X; r) = E+(X; r)i2;{X; 7’) = 0, TZT„ = = 0, 

RZ(X; T)Rji\-, T) = 0, TcT^ = 0 , /or « /3 

Here = {T — \J)Ja and are quasi-nilpotents. 

Proof. The preceding theorem shows that the J are idempotents which 
are mutually orthogonal. Further if F is the circle [ f | ~ 7 > max | \i \ and 

then J — Zi and = J. The Jj!a(X; T) exist, are orthogonal to each other, 
and are quasi-resolvents of Ta = TJa ■ The only singular point of RZ{\\ T) 
is X« and since RZ vanishes at infinity, its expansion in powers of (X — must 
have the form indicated. Furthermore 


Ta = f (f - Xa)R(r, T) df = TJa - X„ . 

27^^ Jvcc 


To complete the argument, one uses the Laurent resolution of R{X; T) for the 
annulus 7 < | X | < co , obtaining 

i2(X; T) - T) + R\\] T) 


where 


with 


/2-(X; T) = JR(\] T) = 'LJaR{\-, T) = Zf2«fX; T), 

1 1 


fi+(X; T) = {I- J) R(\; T) = HiT^f^X - X)” 


J_ 

27ri 



rp _ 

1 to — 
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The orthogonality of T) and i2a(X; T) follows from that of / / and J « . 

This completes the proof. 

Finally we observe that Theorem 5.14.1 holds also for unbounded operators 
T ; the proof carries over unchanged and the remark Jx = x for characteristic 
elements is also valid. 

References. Bochner and Phillips [l], Dunford [7, 8], Lorch [2, 3], Nagumo 
[1], Rickart [1], Silov [1], Taylor [2, 5, 7]. 


4. Functions on the Algebea to Itself ■ 

5. IS. Preliminaries. There are some new aspects of the theory of functions 
on vectors to vectors which come to the foreground when the underlying spaces 
are (B)-algebras. These new aspects get most of the attention in the following; 
after some preliminary remarks on contour integration, analyticity in com- 
mutative (B) -algebras, and the second resolvent equation, we pass over to the 
main question, viz. the extension of holomorphic scalar functions to analytic 
vector functions. 

Let ® be an open connected subset of the complex non-commutative (B)- 
algebra 33 with unit element e. Let y = f{x) be a function on 33 to itself with 
domain S). If f{x) is continuous in ®, Riemann integrals may be defined in an 
obvious manner. Let P be a rectifiable arc in 3). By this we mean that P is 
given by an equation x = a:(^), 0 ^ ^ ^ 1, where x(f) is continuous and of 
strongly bounded variation in the sense of Definition 3.4.4. We then define 

r ” 

/ fix)-dx = lim 'E,f{x{ri„,k))[x{^n,k) - 

•'T n-*oo fc— I. 

where maxik 0. The existence of the integral is established 

in the usual manner and it has the properties of linearity and boundedness 
which are to be expected. In particular, 

(5.15.1) 

where Z(P) is the length of P, that is, the strong total variation of x{^) in [0, 1], 
Since is non-commutative, there is also an integral Jr dx^f{x) which is 
ordinarily distinct from Jr fix)-dx. 

This concept of the integral was introduced by E. R. Lorch [3] for a com- 
mutative (B) -algebra. For this case he also introduced the following definition 
of differentiabiliy and analyticity: 

Definition 5.15.1. Let 33 be a commutative complex {B) -algebra with a unit 
element. A function f(z) whose domain 5D and range SK are in ^ is said to have 


//W' 


dx 


g max \\f(x) II l{r), 






j ' 

I i 

V ' . , 
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a denvaiive fizo) at z = zq if for each e > 0 a d > 0 can hcfotmd such that for all 
h in 93 with 1 1 | j < 8 

(5.15.2) 1 1/(^0 H" h) — /(^o) hf^{zo) || <! € || ||, 

If f{z) has a derivative everywhere in S), then it is analytic in ©. 

A function analytic according to this definition is continuous and f-dif- 
ferentiable and hence analytic in the sense of Definition 4.5.2. By Theorem 
4.5.1 its first variation 8f{zi h) = hf{z) is an analytic function of z. We shall 
shoAv that f{z) is also analytic in the sense of Lorch. Since f{z) has second 
variations, 

lim h/'(z + i-fc) - fit)] ^h{z,k) 

r-*o f 

exists and 

ff{z- /^, k) = hh{z, k) - kUz, h) 

since the second variation is symmetric in h and /c. Putting h = e, we see that 
foXz, h) == kf^iz, e) = kf'Xz) and 

h, k) = hkf'X^)^ 

Since ff{z] hj k) is an F-differential we have 

II 8f{z + h; k) - 8f{z; k) ^ 8^f{z; A, fc) |1 = .;( 1| h 1| ) 

which for k = e reduces to 

||f(. + /0 ^f(z) -Ar(^)l|-o(|iA||). 

Thus /"(is) is actually the derivative of f{z) and the latter is anal 3 dic in the 
sense of Lorch. From this one concludes that f{z) has derivatives of all orders 
with dXiz] h) = f^\z)h'^j and may be expanded in a convergent Taylor scries 

(5.15.3) fiz) == X CL>Xz - a)”, nl a-n = 

tlfcaQ 

about any point a in S). Conversely, such a power series defines a Lorch analytic 
function of z in the interior of its set of convergence. In the notation of Defini- 
tion 4.71 we have pa = Pu = I/m where 

M = lim sup II Un 

We note that every term of (5.15.3) is an F-powor in the variable z — a and a 
Lorch analytic function of z. Conversely, a homogeneous polynomial of degree 
n in jg; is necessarily of the form az" if it is anatytic in the sense of liorch. 

From the last observation we may conclude that not every F-differentiabb 
function on a commutative (B) -algebra to itself is Lorch analytic. This follows, 
for instance, from the fact that such an algebra may (contain other continuous 
linear functions of than the multiples of 2 : itself. 
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Examples can be found from the theory of functions of two complex variables. The 
space Zi of elements C = (^ 1 ,^ 2 ) can be made into a commutative (B) -algebra by defining 

(ai , oro) -f (/3i , ^2) = (ai -f /3i , ao + /So), ci{^i , ^2) ~ (ajSi , a/3o), 

(q!i , ao)- (/5i , /32) = (ai/3i , 0 : 0 ^ 2 ), || (ai , ^ 2 ) I1 = max [ | |, | 0:2 |]. 

Here/(() ~ (^2 , fi) is an E-differentiable function of ^ which is not Lorch analytic. 


5.16. The second resolvent equation. As a preparation for the problem 
of extending holomorphic scalar functions to a Banach algebra, we study the 
resolvent R(X; x) = (Xc - xy^ as a function of a;. 

Phkorem 5.16.1. Lei x and y belong to a complex Banach algebra 58, having 
a unit ele7nent c, and suppose that X C p{x) fl p(y) so that i2(X; a;) and R(X] y) 
exist, TJmi 

(5.10.1) R(X]x) — R{X]y) = R(X]x)(x — y)R(X;y). 

Proof. L ormula (5.16.1), hereinafter referred to as the second resolvent equa-^ 
lion, is obtained from the identity 

(Xc - .t)[K(X; x) - R(X; y)](Xe - y) ^ x — y 

upon multiplication by R(X\ x) on the left and R(X\ y) on the right.' 

Let us consider the functional equation 

(6.16.2) 72(:r) - R(y) = R(x)(x — y)R(y) 

on 33 to itself. The following existence theorem should be compai'ed with 
Theorem 5.9.2. 


Theorkm 5.16.2. Let R{:x) he a single-valued function on a Banach algebra 58 
to itself, satisfying (5.16.2) for all values of x and y in a domain J) of 58. Then R(x) 
is analytic in 3). A necessary and sufficient condition for the existence of an element 
r 0 / 33 such that (c — x)R(x) — R(x)(c — x) = e for all x in S is that R(x) he a 
regular element of ^ for at least one value of x in 3). 


Proof. If a 6 2) then 


(5.16.3) R(x)[e - (x - a)R(a)] = R(a). 

By Theorem 5.2.1 the second factor on the left has an inverse if \\(x — a)R(a) || 
< 1 . Multiplication on the right of both sides by this inverse yields 


(5.16.4) 


R(x) = R(a) \e + Il [(x - a)R(a)] 


'^'1 . 


If R(a) = 6, then obviously R(x) ^ 6. Excluding this trivial case, one sees 
that the power series is absolutely convergent in the sphere 1 1 rr — a 1 1 < 1 1 i2(a) | 
and is uniformly convergent in any concentric sphere of smaller radius. In 
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this sphere i2(x) is consequently analytic; a being arbitrary it follows that 
is analytic in S). 

If there exists a fixed element c of 33 such that (c — x)R{x) = R(x){c — oc) ^ e 
in 55, then R{x) obviously has an inverse everywhere in 55 so that the stated 
condition is necessary. Suppose conversely that [72(a) exists, a C !!'. From 
(5.16.3) one infers that J2(rr){[72(a)]’~^ + a — x} ^ c in 55 and, interclianging 
X and a in (5.16.3), one sees that [i2(a)]“^ + a — x is also the left inverse of 
R{x). This completes the proof of the theorem. 

On the other hand, if c — x is a regular element of 33 for every x in somc^ 
domain 55 C 93, then {c — x)~^ is obviously a solution of (5.1G.2) in 55. If 
c = Xc, this solution will also satisfy the first resolvent ecpiation (5.9.2) with 
respect to X. 

The assumption in Theorem 5.1G.2 that [i2(a0]~^ shall exist for at leiisi ora; 
X in 55 is not redundant. Indeed formula (5.16.4) defines a solution of equal:i(ai 
(5.16.2) in the sphere 1| .r — a || < || R(a) |p\ no matter how i?(a) is ehos(‘ii, 
and this solution has an inverse in its domain of definition if and only if R(/i) 
has an inverse. 

We emphasize that for every fixed h the series 
(5.16.5) R{x) = 5 23 [(*^1^ — a)6r 

n=0 

defines a solution of the second resolvent equation, analytic in the splu^re 
11 X — a [| < II 6 |1”3 and that every solution of the equation which is analytic 
in a neighborhood of x = a is of this form. 

5.17. Extension of holomorphic scalar functions. Among the analytic 
functions on a complex Banach algebra to itself an important class is formed by 
the functions which become analytic in the classical seme on the suhalgvhra of 
complex number's. This class has been studied from different angles by N. 
Dimford, I. Gelfand, E. R. Lorch, and A. E. Taylor. We shall attempt t.o fit 
the theory of these functions into the general theory of analytic functions on 
93 to 58. 

The question may be looked upon as an extension problem. Tlui algelira iS 
of complex numbers is extended to a complex Banach algebra S3 so that (S Ixs 
comes embedded in 58. Is it possible simultaneously to extend holomon)hi(' 
functions /(X) on S to analytic functions /(x) on S in such a manner that f(X() 
= /(X)c? In this formulation the question does not have a unkpie solution 
inasmuch as an analytic function fix) on 5{3 to 58 may vanish for all .r in (Sc 
without vanishing identically. 

As an illustration, let 93 be a complex.matrix algebra, A a matrix such that = o Init 
^ 0 ^ -then any non-trivial product of k factors A and n factors X is a honiogcricH>iis 
polynomial in X of degree n which vanishes when X - XE without vanishing identically. 
There are consequently infinitely many analytic functions which vanish on the comph^x 
plane without vanishing identically and the extension problem becomes iridetermiimtr*. 
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It is possible, however, to define a unique 'principal extension in a perfectly 
natural manner and the resulting class of analytic functions has simple properties. 
Actually there are several different procedures which lead to the same result. 
We shall start with the local point of view which is less ad hoc than the methods 
in the large. 

Definition 5.17,1. If f{X) is holomorphic in the circle | X — Xo | < p, then 

(5.17.1) /(..)- (a:- X.e)* 

n «=0 n 1 

is by definition the principal extension of f(\) in the sphere \\x — Xoe |1 < p. 

Theorem 5.17.1. If /(X) is holomorphic in a domain A of the complex plane 
and if Sa is the imion of all spheres || n; — Xoc || < p such that the circle | X — Xo | 
< p is in A, then the principal extension off(\) is uniquely determined by Definition 
5.17.1 in the domain S)a and is an analytic function of x in Sa • 

Proof. We denote the power series in formula (5.17.1) by /(:r; Xq^;). It is 
clearly an analytic function of x in the sphere of definition. Thus we have 
merely to verify that the various power series f{x; Xoc) are elements of the 
same analytic function f(x). Suppose that two circles | X — Xi | < pi and 
I X — X 2 1 < P 2 iu A overlap and let Xo be a point common to both. The classical 
argument Imsed on rearrangement of power series now shows that/(.T; Xj^) = 
r{x] he) in the sphere || a; - Xo<3 1| < pi - | Xi ~ Xo | and in a concentric sphere 
fix; ho) = fix; he). It follows that the various elements fix; ae), a (E A, 
are analytic continuations of each other and define uniquely an analytic function 
fix) in 35a . 

Theorem 5.17.2. Let x G 35a and choose ah G A sibch that the circle Tx : 

I X — Xo 1 = II X “ Xq(? II + €, € > 0, lies in A. Then 

(5.17.2) fix) = L. £ /(X)K(X; a;) dX. 

Proof. The definition of S)a shows that it is always possible to find sueh a 
circle Fx . We apply formula (5.1G.4) to Rix) = i?(X; a;), choosing a = Xoc. 
Since J?(X; Xoe) = (X - Xo)“'e, the formula simplifies to 

(5.17.3) i2(X; a;) = L (a; - Xo c)"(X - Xo)~’‘“^ . 

ttssO 

Substituting this expression into (5.17.2), we see that the integral equals 
fix; Xofl) = fix) and the theorem is proved. 

Formula (5.17.3) shows that aix), the spectrum of x, lies in the circle 
I X - Xo I ^ II .'C — Xoe II, that is, crix) is interior to A when a; € S)a . But for 
the existence of the integral in (5.17.2) it is not essential that we integrate along 
the circle Fx ; any closed contotir in A surrounding (r(.r) will do. This indicates 
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that the integral has a meaning as long as a{x) lies in A and this may very well 
happen for x outside of 3 )a . Before we can proceed to a study of the resolvent 
integral, a few observations of a mixed function theoretical and topologicail 
nature ai’e required. 

Let $ be a closed bounded set in the complex X-plane and /(X) a function 
holomorphic in a domain A containing An argument of the llcine-Borel 
type shows that we can find an open set Q with the following properties (i) 
$ C 0 C A, (ii) Q, has a finite number of components , (hi) each 12^ is bounded 
by a finite number of simple closed rectifiable curves , and (iv) has a posi- 
tive distance from the boundary of A. We assign a positive orientation to each 
in the usual manner and let F = U 1L„ be the boundary of 12, the orientation 
of F being induced by that of F^xi. . We call F an oriented envelope of ivifh resperl 
to f{\). ForX 6 12 we have 


/(X) 


27rz 



If X 6 the integral is independent of the choice of F. The proof (;an \w re- 
duced to the classical elementary case hy a somewhat lal)ori()iis distnission of 
the different topological possibilitie>s. 

We shall also need the following theorem concerning spc'ctra. 


Theorem 5.17.3. The sjn^clntm of x is a conlinuous function of x. 


Remark, We say that cr{x) is continuous at x — a if, given any open set U 
containing o'(a), there is a positive e such that (rix) C 9. for || :r ~ « |j < c. 

Proof. Let a be given and let 12 be an open set containing cr{a). The usua^ 
Heine-Borel argument shows that we may cover the closed bouiKhnl s(*t at a) by 
a finite number of circles with radius 25 whore 5 is so chosen that llu* union elf 
the interiors of the ^circles, 9s say, has the properties cria) C ik CZ 9, 
d\a{(T)^ 125 ] > ^5 and 12/ is the complement of ik * The inlcricjr of 12* (’onsisis a 
finite number of components, the closure of each of which lies in p{a) . I \ follows 
that i?(X; a) is holomorphic everywhere in 12* and there exists a iinhe M h i 

such that l|i£(X; a) || g M for X F. 9^ . By formula (5, 1(3.4), /f(X; 4 c‘.xisH 
for every such X provided |1 x - a || < = e. It follows that for anv .sueh 

X we have p{x) 3 125 and aix) C 12^ C 12. This completes t h(‘ proof. 

We come now to the main extension theorem. 


Theorem 5.17.4. Let /(X) he holomorphic in the domain A. Let (^U a; 5c the 
open set of points x of S such that a{x) C A and lei X;(A) he Ike eomponmt of 
®(A) which contains the set Ac. For x in T(A) define 

/(.r) = A fj(\) ii(X; ;r) r/X, 

where r* is any oriented envelope of a(x) with respccl loJ(\). Then fix) is nnalylir 
in S)(A) and coincides with the principal extension of /(X) in Ta . 
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Proof. That ®(A) is an open set follows from the preceding theorem. 
The component 5D(A) and the integral are then well defined. That ®(A) con- 
tains the domain 5 Da of Theorem 5.17.1 follows from the remarks after the 
proof of Theorem 5.17.2 and the latter shows that the integral represents the 
principal extension of /(X) in S)a . It remains to show that /(rr) is analytic in the 
larger domain 3) (A) . For this purpose, let a C 3)( A) and choose an open sphere 
©(a) : II -- a II < p so small that the closure of U® cr(aO, x 6 is in A. 
For these values of x we may replace T^hy P, a fixed oriented envelope of ^ 
with respect to /(X). Since R(\; a) is holomorphic on each component 
of r, there exists a finite quantity M{a) with || i?(X; a) || g M{a) everywhere 
on r. Formula (5.16,4) shows that for X G P 

/i!(X; .t) = R(\] a) ” a)R{\; a)Ty 

n=0 

the series being absolutely convergent for || rr — a || ^ po < min {p, l/ilf(a)}, 
the convergence being uniform with respect to x in the sphere as well as with 
respect to X on P. Termwise integration gives 

(5.17.6) fix) = f: A f /(X)i?(X; a)[ix - a)Ri\- a)T d\. 

n*=0 ^TTl Jv 

This is an abstract power series in {x — a) which is absolutely and uniformly 
convergent when || a; — a || ^ Po , It follows that/(:r) is analytic in this sphere 
and consequently everywhere in ©(A). This completes the proof and justifies 

Depintition 5.17,2. The principal extension of /(X) is defined by formula 
(5.17.4) in ©(A). 

The use of formula (5.17.4) in matrix theory and operational calculus is of 
old standing and goes back to H. Poincar6 (1900) in a memoir devoted to the 
theory of continuous groups. F. Riesz (1913) introduced similar devices in 
Hilbert space theory. In one form or another it is basic in L. Fantappie’s 
theory of analytic functionals as well as in recent investigations of commutative 
normed vector rings by I. Gelfand and E. R. Torch, of spectral theory by N. 
Dunford, and of analysis in complex Banach spaces by A. E, Taylor. For fur- 
ther historical remarks we refer to the expository papers of Dunford [7] and of 
Taylor [7]. 

Formula (5,17.4) presupposes that the Banach algebra has a unit element. 
It is possible, however, to give an alternate definition of f{x) (when /(O) = 0) 
which is equivalent to (5.17.4) when the latter applies, but which holds in an 3 ^ 
complex Banach algebra. See further Chapter XXII, especially section 22.9. 

The interpretation of the symbol f(x) when /(X) is holomorphic in the sense of Cauchy 
and X is an element of a (B)-algebra (usually an algebra of endomorphisms (S(^)) varies 
in recent investigations. Lorch has emphasized with justice that analyticity does not 
reside in the symbol /(•) and that the term ‘"analytic function of x'* should be reserved 
for differentiable functions of x. The functions defined by formula (5,17.4) satisfy this 
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requirement, if one is satisfied with the existence of Fr^chet differentials and analyticity 
m the sense of Definition 4.5.2. The more restrictive definition of analyticity due to 
Lorch works well in the commutative case for which it is constructed, but loses its signif- 
icance in a non-commutative algebra. 

Formula (5.17.4) may be regarded as a natural generalization of the well 
known formula of Cauchy. The formulas for the derivatives also admit of 
generalizations which may be read off from (5.17.5) together with Theorem 4.3.10 : 

(5.17.6) 8^ fix; h) ~ f f(X)R(\-, x)lhR(X; re)]'* dX. 

Ziri Jr 

The correspondence between the functions /(X), holomorphic in a domain A, 
and their principal extensions /(a;) in S)(A) has been investigated by 1. Gelfand 
[4] and A. E. Taylor [7]. We shall prove 

Theobem 5,17.5. Let A he a hounded domain of the complex plane and hounded 
by a finite number of Jordan curves or Jordan arcs or both, no two of which have 
more than a finite number of points in common. Let ®(A) be the corresponding 
domain of ^ as defined above. Let (S[A] he the complex {B)-algcbra of all functions 
/(X) holomorphic in A and continuous in the closure A of A, with the ordinary defini- 
tion of the arithmetic operations and with ||/||a == sup |/(X) j, X G A. Further 
let S8[A] he the complex algebra of functions Fix) analytic in ®(A) and having 
values in 58, the arithmetic operations being defined as in SQ, 

There exists an isomorphic mapping: fi\) fix) of S[A] on a subalgehra 5Bo[A] 
of 58[ A] such that (i) X — > x and (ii) \\fn — / 1 1 a 0 implies that \ \ fnix) — fix) 1 [ 

0 locally uniformly in £»( A). This mapping is unique and is defined by (5.17.4) 

Remark. For the meaning of the terms homomorphism and isomorphism used below, 
see Definition 22.10.2. 

Proof. We start by proving that the mapping defined by (5.17.4) has the 
required properties. That the mapping takes /(X) = X into fix) = x follows 
from Definition 5.17.1. It is clear that the correspondence is linear so in order 
to prove that the mapping is a homomorphism it is sufficient to prove that prod- 
ucts go into products. This may be proved with the aid of the first resolvent 
relation and formula (5.17.4), but it is really simpler to use a local argument 
plus analytic continuation. In fact, if /(X), giX), A(X) € e[A] and hi\) ^ 
f(h)(lih), then in any circle | X — Xo | < p in A we have an identity between 
power series 


X) /»o(X Xo) *2 (7no(X — Xo)” 22 ^h<o(X Xo)^^ 

WraO tlastO ni»»0 

with obvious notation. By Definition 5.17.1 this gives 

2^ fnoix — Xoc)""- g,Jx — Xoc)"* s 22 (x — Xoc)"" 

"“^0 7t««0 
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in the sphere || x *— Xoe || < p, that is }i{x) = f(x)g(x). By Theorem 4,6.1, this 
identity must hold everywhere in S)( A) . Hence the mapping is a homomorphism. 

In order to prove that the homomorphism is actually an isomorphism, we 
have to show that the correspondence is one-to-one or that fix) ^ d implies 
/(X) ^ 0. Suppose that for a particular choice of/(X) in S[A] we have /(a:) = 6 
for all X in Y)(A). But if X C A than Xe C ®(A) and/(Xe) = /(X)e so that in 
particular /(X) = 0. Thus the mapping is an isomorphism. 

Suppose that/(X) G G[A] and is bounded away from zero in some domain Ao C A. Let 
(SlAojjind 3)(Ao) bear the same relation to Ao as (S[A] and SD(A) have to A. Then /(X) and 
[/(X)]“^ belong to (S[Ao] so that the corresponding functions /(a;) and [/(a;)]’”^ exist for x G 
!J)(Ao). feince/(rc) has an inverse for such values of x, it follows, in particular, that /(a;) ^ 9. 
Necessary and sufficient conditions on x in order that f{x) = d have been given by N. Bun- 
ford [7, p. 044, the 7ninimal equation theorem]. 

To prove the continuity, we proceed as in the proof of Theorem 5.17.4. We 
choose a point a G ©(A), a small sphere ©(a) with center at a, and let be 
the closure of Ua;cr(aO, x G ®(u). In the representation of the functions {fnix)} 
corresponding to the given Cauchy sequence {/«(X)}, we may replace by a 
fixed contour F which is an oriented envelope of with respect to all functions 
/n(X). As above we have |1 i2(X; a) || g Af(a) for X on F and || i2(X; rc) || g 7G(a) 
for 1 1 X - a 1 1 ^ po < min {p, [Af(a)]“'} , X on F, where Kia) ^ M(a)[l - poM(a)r'. 
It follows that 

II fn(x) - m II g 1 II /„ - / 11^ K(a)LiT), II a; - a II ^ p„, 

where I/(F) is the length of F, so that/n(^) converges locally uniformly to fix). 
This shows that the mapping defined by (5.17,4) has all the desired properties. 

It remains to show that the mapping is unique. In order to prove this we 
observe first that if 3 is any isomorphic mapping with the stated properties, 
then 3' must map the zero and the unit elements of S[A] upon the zero and the 
unit elements of 33o[A], that is, 0 and 1 c. Further, S maps the polynomial 
P(X) = o'kX^^' upon Pix) = aoG + a^x^'. Moreover, if a is not in A, 

then ia — X)“^ G E[A] and ae ~ xis regular for x in S)(A) so that Ria; x) exists. 
Since products go into products, S' must take ia — X)”^ into Ria; x). This, 
however, agrees with the image under the principal extension; consequently 3^ 
will map each rational function whose poles are outside of A on its principal 
extension as defined by (5.17.4). We can now appeal to an extension of the 
Runge theorem due to J, L. Walsh [1, p. 47]. Under the present assumptions 
on A, each /(X) G S[A] is the limit of a sequence of rational functions with 
poles outside of A, the convergence being uniform in A, and if A is simply- 
connected the rational functions may be taken as polynomials. In other words, 
the rational functions of S[A] are dense in this space. From the fact that 3* 
agrees with the mapping defined by (5.17.4) in a dense set of S[A] together with 
the continuity assumptions, ^ve conclude that 3 is identical with the principal 
mapping everywhere in (S[A] so the correspondence is unique. 
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There are several remarks which should be appended to the preceding definitions and 
theorems. The interpretation of f(x) as the principal extension of /(X) appears to be new. 
A corresponding extension to (B)-algebras without unit element will be given in section 22,9. 

If 58 is a commutative (B) -algebra, /(a;) is not merely the principal extension of /(X) in 
T)(A), but it is the only extension from scalars to 58 which is analytic in the more stringent 
sense of Lorch, Definition 5.15.1. This is seen as follows. Suppose that F(x) is Lorch 
analytic in a domain which intersects the complex plane in a domain A and that F(Xc) = 
F(\)e for X 6 A where F{\) is holomorphic in A. This requires that jP^">(Xc) — F^^'>(\)v 
for every n and Definition 5.17.1 together with Theorem 4.6.1 show that F{x) coincides 
with the principal extension of F(\). In this case formula (5.17.5) takes on the somewhat 
more familiar form 

(5.17.7) f(x) = "2 (x - a,)"— f /(X)[/i;(\io)]“-« d\. 

This is a power scries of the type occurring in formula (5.15.3). It consequently defines a 
Lorch analytic function, that is, ihc principal extension of /(X) is analytic in the sense of 
Lorch if 58 is a commutative complex (B) -algebra and it is the only extension of /(X) having 
this property. 

Gelfand also restricts himself to the commutative case. In his presentation f{x) is 
defined by Theorem 5.17.5 (with slightly different assumptions) and he shows that if 3 
is a continuous isomorphic mapping, /(X) — > /(x), of holomorphic scalar functions onto 
abstract functions taking X into a;, theiif(x) is necessarily given by (5.17.4). Pie evidently 
regards f(x) as an analytic function of x, but he does not state in w'hat sense it is analytic 
nor does he study /(a;) as a function of x. 

N. Dunford has extended this function concept' in a manner which is of importance to 
operational calculus by allowing /(X) to be piecewise analytic. If (r(x) is the union of a 
finite number of disjoint spectral sets o-j in the sense of Definition 6.11.1, the set cr,- being 
contained in the component Oy of the open set 2, then on the boundary U* r,-* of ilj , /(X) == 
/j(X), where /y(X) is holomorphic in a domain containing 0/ . P’ormula (5.17.4) still has 
a sense and is taken as the definition of J(x). The analytic properties of such functions 
f(x) have not been investigated; it is possible that /(:c) is piecewise analytic in some suitable 
sense. 

Finally it should be observed that formula (5.17.4) defines an analytic function of a: in 
each of the components of the open set G(A) of Theorem 5.17.4 and not merely in ff)(A). 
An example is given by the function x~^ which is defined and analytic in each of the com- 
ponents of the maximal group ® of section 5.3. 

We end this discussion by proving some theorems which are all closely re- 
lated to spectral theory. The first is the spectral mapping theorem of N. Dun- 
ford [8, p. 195]. 

Theorem 5.17.6. 7//(X) ^[L]a7idx 6 ®[A], ZAm <r[/(:r)] = /[(r(a;)]. 

Proop. Let a $ a{x) and define 

(7(X) = [/(«) - /(X)](« - X)-'. X A, 


so that ^(X) € 6[A] and consequently 

(5.17.8) f/(a:)(ac — x) = f(oe)c - /(x). 
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It follows that the right member cannot have an inverse and that /(a) £ trf/(.'r)]. 
Conversely, let_M € <rl/(a:)] and suppose that n C /[v(a:)]. We form h(\) = 
iM - /(X)] which IS holomorphic in A save for poles, none of which belongs to 
We can then find a subdomain Ai such that <y{x) C Ai C A and h(X) is 
holomorphic in Ai . Since x 6 ®(Ai), we have h{x)[ij,e — f{x)] = e which con- 
tradicts the assumption that m € alfix)]. 

If ^8 is a (B) -algebra of endomorphisms, (S(X), even the finer structure of 
the spectrum is preserved under the mapping. We refer to Definition 15.5,1 
for the terminology used below. 

Theoebm 5.17.7. 7/ 58 = g®), if /(X) € S[A], and if T e ®(A), then 
f{T) has the 'property P„ {v = 1, 2, or 3) if and only if the equation y = /(X) 
has a sokliion, X = a, a £ (r{T), such that al — T has the same spectral property P„. 

Phoof. li a f, (t{T) and q{\) is defined as above then by formula (5.17.8) 
we have 

[/(«)! - m]x = ff(!r)[«7 - T]x, X € X. 

This shows that the left member vanishes whenever [a/ — T]x does, that is, 
property Pi is preserved under the mapping. If, on the other hand, al - T 
maps y, on a non-dense subspace , then it maps </(2')[i6] on a subspace of 
so that [f{a)J — /(7’)][-^] is also non-dense. Finally, if the image of the unit 
sphere in J under the operator al — T is not bounded away from zero, then 
the same holds for the image under /(a)7 — f{T). This proves that if al — T 
has the spectral property P, then so does f{a)I - f{T). To prove the converse 
proposition, suppose that y f a[f{T)]. By the preceding theorem there is at 
least one a G <r[T] with f{a) = y. We may assume without restricting the 
generality that the equation /(X) = y has only a finite number of roots ai , 
a 2 , • • • , an in A and that /(X) y on the boundary of A. Set /'(X) = 
Hr (at — X) and form 

F(\) = 7-(X)[m - /(X)]-‘ G S[A]. 

Then F(2’) is well defined and 

F(T)lyI - f(T)}x = P(T)x, X G I. 

It follows that any x which is annihilated by y! — f(T) is also annihilated by 
P(7’) • But this means that for at least one of the factors a/J — T we can find a 
y 6 \vith (a*! — T)y = d. On the other hand, if yl — f(T) maps 96 on a non- 
dense linear subspace, then P(r)[X] is also non-dense and this implies that 
(a*7 — T)]fi] is non-dense for at least one k. Finally, if the image of the unit 
sphere under the operator yl — f{T) is not bounded aw'ay from zero, then the 
same holds for the image under P{T) and hence also for at least one of the factors 
aj — T. It should be noted that yl — f{T) has all the spectral properties of 
the operators a;, 7 — 7’ wdth/(ai) = y and no others. This completes the proof. 
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Theorkm 5.17.8. IJ g{\) € Ci[A] andf(n) is holomorphic for n in g(A) so Ihat 
/[!7(^)] € S[A], then f[cj{x)] € i8o[A] and flgix^] = [/((7)](.t). 

Proof. The existence of [f(g)](.v) for x f. !X)(A) is assured by Theorem 5.17.4 
so we have merely to prove that/[fif(aO] exists and the ecinality. Since o-[f;(.r)] = 
ff[<r(.r)] is a closed point set in f/(A) and is holomorphic in g(A), we can 
find a domain Ao Avith (^[^(a;)] C An C (/(A) and /(/a) t (i[An]. Hence /(y) exists 
and belongs to i8(i[Ao] for every y f ©[An]. In particular, we may take y = (i{.r) 
so that fioix)] exists for a: p ©(A). d’o prove the ctjuality we note tliat for 
fx C (j(A), the function h{\) = [ix — 6 S[A] so that h(x) = R{y\ (lix)) 

exists. Hence taking F and Fu to be oriented envelopes of {/(A) with respect to 
fifx) and of (r{x) with respect to (j{\) respectively, we have 


Mx)] = ~Jj(n)R(.n;o(x))(ln 


1 

(2x1)= 



f(fjL)R,{X; x) 

n-ffix) 


</X (I a 


= f[(j(.X)\lHX;M) (l\ = l/(y)|(x). 


The next theorem, winch attiiches to the ideas of Thc.Minmi 5. 1 J . 1 , shows that 
a spectral resolution of x extends to thr; fiiiKdions of x in S-^o[A]. We suppress 
the proof. 

Theorem 5.17.9. Ld A contain X ™ 0 and IdjXk) ^|AJ, If x G T.'(A) 
and Xa = a = 1, 2, • • • , /:, then f(xa) G ®o[Aj, 

/(:ra) = (c ~-i«)/(d) +juj(x), J(x) ^ ifixj - (k - lj/(()h?. 


5.18. The exponential function and the logarithm. 'Phe ])rinf’ipal exten- 
sion of exp (X) is obviously given hy 

(5.18.1) exp {;i;) = 2 '■ 

A'-.. ft Ai 

and this is the only extension whi(;h is analytics in 11 h‘ of T.oreh if is 
commutative. If x and y commute 

(5.18.2) exp (,r) exp (y) — o.xp {x + y). 

In particular one sees that exj) (x) is always a regular elcummt of *6 luiving 
exp i—x) as its inverse. We have also the obvious 

Theorem 5.18.1. The functional equation 

(5.18.3) F{x + y) - F(/)Ff.v) 
in a commutative (B)- algebra is satisfied hy 

(5.18.4) Fix) ^ jexplPi(ic)], 

wheir. j is an idempotent, f = and Piix) is an arhilrary homogmoous poly- 
nomial of degree one. 
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A\' e now proceed to define the logarithm of x which is obviously going to be 
infinitely many-valued. We start Avith a domain A in the complex plane which 
is bounded away from zero and infinity and in Avhich arg X is single-valued. 
Any determination of log X will then be holomorphic in A and defines a cor- 
responding determination of log x by 

(5-1 ^*5) log X = f log X i?(X; x) dX 

JiTTi Jr 

for X C ^^(A). Here V is any simple closed rectifiable curve which contains A 
in its interior and X = 0 in its exterior. If x is my regular element of 93 whose 
spectrum does not separate X = 0 from X = oo , then we may define log x by 
(5.18.5) because we can always find a domain A with the required properties. 
An alternate statement is that X = 0 belongs to the principal component of the 
resolvent set of x. 

The various determinations of logo; defined by (5.18.5) obviously differ by 
multiples of 2irie, Since exp (2'irie) = e we have 

(5.18.0) exp (rr -f 27rie) = exp .r 

for all X. Other periods will be discussed later. Using Theorem 5.17.8 we 
see that 

(5.18.7) exp (log oj) = a?, x ^ S)(A), 

for each of the above determinations of log x. For the converse relation, let 
D be any bounded domain in the X-plane such that no two points of D are 
congment modulo 27rf. The function /x = exp X maps D onto a domain A 
with the properties stated above in which log X is holomorphic. Theorem 5.17.8 
then shows that 

(5.18.8) log [exp a] = a; + x 6 SD(D), 

Avliere the integer n depends upon the determination of the logarithm. In par- 
ticular, n = 0 if Ave choose the principal determination of log X in (5.18.5). 

In the commutative case Lorch defines the logarithm by 



Avhere the path joining e and x is an arbitrary rectifiable curve in @i , the prin- 
cipal component of the maximal group. The resulting function log x is analytic 
in tlie sense of Lorch in AA^hich is the maximal domain of definition of the 
logarithm. See further section 22.3. 

Lorcli has also studied the periods of the exponential function (cf. section 22.5). 

Thkohem5.18.2. Ifjisanidempotentjthenexpi2iTij) — eandexp {x + 2Trij) = 
exp X for each x commvlmg with j. If 93 is commutative then 2Tij is a period 
of exp 'X and every period is of the form 2iri where k is finite, the n's are 
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integers, and the fs idempotents. In particular, if 6 and e are the only idempotents 
of i8, then exp x is simply periodic. 

Proof. The reader can verify that exp (2rtj) = c. Suppose that is 
commutative and that p is a period of exp x. Then exp p = e and exp (?p) 
is a periodic function of ^ of period one. Hence (see section 11.2) 

R{\-, p) = [ exp (fp) d? = [1 - exp (^p) d^, 

where the three members are defined for X 6 p{p), 5K(X) > 0, and X 5^ 
respectively. This shows that i?(X ; ;)) is a meromorphic function of X, with simple 
poles at a finite number of the integral multiples of 27rf, say at Xp = 27rmp , 
?/ = 1 , 2, 3, •••,/(?. Theorem 5.11,2 applies and shows that the corresponding 
residues jv are idempotents, g - jfxjv = further a7 = d and p = 

27ri Xli '^vju as asserted. In particular, if h = 1 we have ;/i ^ c, p = 27rmiC. 

By Theorem 5.12.1, SQ will contain an idempotents 0, c if and only if it contains ana; 
whose spectrum is not connected. In general the number of linearly independent idem- 
potents is infinite so that the number of linearly independent periods of the exponential 
function is also infinite. The periods may very well form a non-countablc set. As an 
example consider the closed operator algebra ^[7, T] generated by a linear bounded self- 
adjoint operator T on Hilbert space to itself and suppose that the spectrum of Tis the inter- 
val a ^ \ bet E{\) be the corresponding resolution of the identity so that E(\)E(fi) = 

jEJ(X) for a ^ X ^ ju ^ /3. Then Ei\) is an clement of S8[/, T\ and the set of elements {27rfi3'(X) ) , 
a ^ X ^ i3, is a set of periods of the exponential function in this algebra. Of. section 19.2 

References. Dunford [7, 8], Fantappih [1, 2], Gelfand [4], Lorch [3, 4), 
Poincar^ [1, 2, 3], F. Riasz [2], Taylor [7], Walsh [1]. 


5. Functions OiNT the Algebra to Scalars 

5.19. Linear multiplicative functionals. The last topic to bo discussed in 
this chapter is the theory of bounded linear inultiplicative functionals on a (H)- 
algebra with unit element. It is practically necessary to restrict oneself to 
the commutative case. 

A commutative (B)-algebra being a (B)-space, lias an adjoint spacer W 
of linear bounded functionals on S. We shall bo concerned only with that 
subclass of 33* the elements of which are multiplicative. Here the new facts 
are due to I. Gelfand [4] whoso theory of JuncMons on maximal ideals willbe 
considered in section 22.18. The equivalent fonmilation in tcmis of multiplica- 
tive functionals, which we shall consider here, was (?omrnunicated i,o the author 
by N. Dunford. 

Definition 5.19.1. ix{x) is said to he a hounded linear muUiplicaiwe furidional 
on 33 if (i) /x(x) g 33* and (ii) pixy) = p(x)p{y) for all x and y in 33. 
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In every (B)-algebra we have the trivial functional ^ 0 which is evi- 
dently bounded, linear, and multiplicative. If 33 is the complex field, then 
fx{x) = X is the only non-trivial multiplicative functional. In any other (B)- 
algebra the existence of multiplicative functionals is equivalent to the existence 
of maximal ideals (see Theorem 22.18.2). In the following we assume the exis- 
tence of non-trivial multiplicative functionals. 

Theorem 5.19.1. If (x{x) is a hounded linear multiplicative functional and 
if ix{^) ^ 0 , then 

(i) fx(e) = 1; 

(ii) jut(x) 9 ^ 0 if X is regular] 

(iii) ixix) e crix); 

(iv) if Xo 6 (r(x)f there exists a multiplicative functional such that /x(rr) = Xo ; 

(v) II /X II = 1 if Ilf? II = 1; 

(vi) if X belongs to the domain of definition of the principal extension of /(X), 
then m [/(^)] = flui^)]- 

Proof. Since x ^ ex we have }i{x) — At(e)/i(a;) for all x and since fx{x) ^ 0, 
there exists at least one Xo such that ui^o) 9^ 0. Plence \i{e) = 1. This fact 
also implies 1 1 m 1 1 ^ 1 if 1 1 e 1 1 is assumed to be one. 

If X is regular, then /i(e) = Thus 0 and 

(5.19.1) = [m(^)]''. 

In particular, it is seen that for a fixed x and X 6 p{x) 

(5.19.2) 

The left side has a finite value for every X in p[x). This requires that the value 
of nix) belongs to the spectrum of x. 

Conversely, if Xo £ crix), then y = Xo^ — x is singular and, by Theorem 22.14.4, 
there exists a maximal ideal of 35 which contains y> By Theorem 22.18.2 there 
is a uniquely determined multiplicative functional /i(-) which vanishes on this 
maximal ideal and nowhere else. Prom yiy) == 0 we get u{x) = Xo . It should 
be noted that (iii) and (iv) show that the range of the values of all multiplicative 
functionals for a fixed x is precisely the spectrum of x. 

Since (t{x) by Theorem 5.8.2 lies in the circle | X | ^ 1| ^ 1| we have 1 ix{x) j g 
1 1 a: 1 1 and ||m|| ^ 1- The opposite inequality was established above and 
therefore j| /^ || == 1. 

Finally, if /(X) is holomorphic in the domain A and x £ S)(A), then/(rc) is 
given by formula (5.17.4), The right member of this formula is the limit of 
sums of the form 


1 
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Since ii{y) is a continuous function of y, the left member tends to is[f{x)] when 
n — > CO j while the right member tends to a Cauchy integral which clearly repre- 
sents f[fj.{x)]. In this argument we have used (5.19.2) and the linearity of the 
functional. This completes the proof. We refer the reader to section 22.18 
for the theory of functions of maximal ideals and the connections with the 
representation problem for (B)-algebras. 

References, Gelfand [4], Hille [11], Smulian [1]. 



PART TWO 

ANALYTICAL THEORY OF SEMI-GROUPS 


Smnmary. The remainder of this treatise, except for the Appendix, is 
devoted to the theory of semi-groups with special reference to one-parameter 
semi-groups of endomorphisms of a (B)-space (see Definition 7,3.6) . The theory 
falls into two sub-divisions, general and special theory. The present Part Two 
contains the general theory and is divided into ten chapters: Subadditive Func- 
tions; Semi-Modules; Addition Theorems in a Banach Algebra; Semi-Groiips in 
the Strong Topology; Laplace Integrals and Binomial Series; Generator and Re- 
solvent; Generation of Semi-Groups; Analytical Semi-Groups; Semi-Groups, Ergo- 
dic Theory, and Tauberian Theorems; and Spectral Theory. 

Chapters VI, VII, and X contain prefatory material: subadditive functions 
and semi-modules are intimately connected with each other and with the theory 
of one-parameter semi-groups, and abstract Laplace integrals are indispensible 
in the discussion of such semi-groups. The foundations of the theory of one- 
parameter semi-groups are laid in Chapters VIII and IX. We are concerned 
with a family of endomorphisms T{a), satisfying T{a)T{0) = T{a. P) for all 
values a, of the parameter in an open semi-module of real or complex numbers 
having a = 0 as a limit point. Two entirely different cases arise according as, 
when n; -> 0, T{a) tends to the identity in the uniform or in the strong topology. 
The discussion is not restricted to the functional equation of the exponential 
function; other addition theorems are also considered as well as the case in 
which the parameter manifold is a '^positive cone’’ in a (B)-space. The latter 
includes the case of n-parameter semi-groups. 

We return to the one-parameter case in Chapter XI where the infinitesimal 
generator of the semi-group and its resolvent are discussed. The latter is the 
Laplace transform of the semi-group operator. The converse problem of 
constructing a semi-group with given infinitesimal generator is tackled in 
Chapter XII. The important case in which the semi-group operator is an 
analytic function of the parameter is studied at length in Chapter XIII . Ergodic 
theory is in the main a question of the behavior of a semi-group operator T{a) 
when the parameter tends to zero or infinity; in Chapter XIV we show that 
ergodic theory is closely related to Tauberian theory of Laplace integrals, applied 
to the resolvent of the generator of the semi-group. Chapter XV is concerned 
with spectral theory, operational calculus, approximation of the identity, and 
boundary value problems for analytical semi-groups. 
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CHAPTER VI 

SUBADDITIVE FUNCTIONS 

6,1. Orientation. In section 2.8 we encountered subadditive functionals, 
that is, functions on an abstract space X to Ei such that 

f{ti + fe) ^ /(h) + /(fe)) h ,k. 6 $• 

The case in which X is a euclidean space is particularly important in analysis. 
Thus if X = and f{t) is positive-homogeneous, wo have applications to the 
theory of convex solids (H. Minkowski [1]) and to the uniqueness theory of dif- 
ferential equations (E. Kamke [1], M. Hukuhara [1]). The .special case = 1 
is encountered in the theory of moduli of continuity (Ch.-J. de la Vallde-Pcmssin 
[1, pp. 7-8]. More recently, A. Beurling [1] and I. Gelfand [6] have considered 
certain classes of weight factors, the logarithms of which are subadditivc func;- 
tions, with applications to absolutely convergent Fourier integrals and Fourier 
series, singular integral equations, and Tauberian theorems. 

Subadditive functions also play a basic role in the theory of .semi-groups 
where they enter in two different connections. The first instaruie is in tlut 
theory of additive semi-groups or semi-module, s in J?„ . In the simple.st and most 
important case, that in which the semi-module is an open point sot having the 
origin as a limit point, the boundary of the semi-module is defined by a sub- 
additive function in E„_i . The second instance is in the theory of one-par anie ter 
semi-groups {TCa)} of endomorphisms of a {B)-space.. Here the paramekir h(‘I 
is a semi-module of real or complex numbers and log || T{a) || is a subadditivt^ 
function of a on this set. 

In view of these facts it is necessary for us to include a diKcu.sHion of sub- 
additive functions and of semi-modules; the former occupies the pro, sent chapU'r, 
the latter Chapter VII. We restrict ourselve.s to subadditive function.s in 
defined on an open semi-module having the origin as a limit point, in other 
words, one of the intervals (-=o, co), (-co, 0) or (0, »). This is the most 
important case for our needs; ultimately the theory has to be earricsl over to 
higher dimensions, but this is not so urgent. 

It turns out that a finite, measurable subadditive function is neceasarily 
bounded in any closed interval interior to its domain of definition, but may 
tend to infinity at the end points. It is dominated above by a lincsar function 
for large values of t, but there is no universal lower bound, nor i.s then; any 
such bound for small values of i, if t = 0 is an end point. The function ncicd 
not be continuous anywhere; such properties of continuity and differentiability 
as it may possess are regulated by its behavior for small values of L. 

The presentation is divided into two paragraphs; Boundedness and Growth, 
Continuity and Differentiahility. The latter includes a discussion of variou.s 
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associated limit functions which are also subadditive and of moduli of con- 
tinuity. There are isolated results in the literature, but apparently no system- 
atic discussion of subadditive functions per se. 

The reader who is anxious to reach the theory of semi -groups as soon as possible can omit 
material in fine print ; the theorems in sections 6.4 and 6.6 are indispensible for the following. 

References. Beurling [1], Cooper [1], Gelfand [6], Hardy, Littlewood and 
Polya [1], Hille [7, pp. 13, 46-47], Hukuhara [1], Kamke [1], Minkowski [1], 
Polya and Szego [1, p. 17, Ex. 98], and de la Vall6e-Poussin [Ij. 


1. Boundedness and Growth 

6.2. Preliminaries. In the following we shall be concerned with real func- 
tions of a real variable, the domain of definition being one of the intervals Jo : 
(~ CO , 00 — CO , 0), and : (0, co ). The symbol I will refer to any one 
of these intervals. The name “subadditive function’' was suggested by M. Riesz. 

DjfiFiNiTioN 6.2.1. A function J{t) defined on the interval I is said to be sub- 
additive if for all k OLud t% in 1 we have 

(6.2.1) f{ti + tf) ^ /(h) +/(h)- 

Theorem 6.2.1. A positive constant is subadditive in any interval I. If 
flit) and hit) are subaddiiive in I and if Ci , O 2 are positive constants, then 
(hfiii) + C 2 hi:t) is also subadditive in L 

The simple verification is left to the reader. 

Theorem 6.2.2. If fit) is subaddiiive in I, so is pit) = max [0, fit)]. 

Proof, The inequality (6.2.1) is certainly satisfied by pit) for values of h 
and k such that /(h)/(h) ^ 0. If instead /(h) > 0 , /(h) < 0 , then 

pill + h) = max [0, /(h + h)] = /(h) = pih) ” p(h) + p(h)- 

It is well known that the functional equation 

(6.2.2) I^(h + h) = ^(h) + -P(h) 

has n on-measurable solutions in addition to the continuous solution Fit) = otl, 
a arbitrary. Any real solution of (6.2.2) also satisfies (6.2.1), so there are non- 
measurable subaddiiive functions. Such functions are explicitly excluded from 
consideration and all subaddiiive functions discussed in the following are supposed 
to be measurable. 
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The inequality (6.2.1) is similar to 
(6.2.3) gmi + fe)] ^ Mgih) + g{k)] 

wliicli cliaracterizes convex junctions. The two function classes are related, 
but not very closely. The next two theorems, of which the first is largely due 
to R. A. Rosenbaum, have a bearing on this situation. 

We refer to G. H. Hardy, J. E. Littlewood, and G. Polya [1] for the properties of convex 
functions used below. In particular, a measurable convex function is continuous and 
satisfies 


(C.2.4) g[ah + (1 - a)U] S ag{ti) + (1 -- a)gih), 0 < a < 1, 

The function /(/) is concave if —/(O is convex, 

Theohigm 6.2.3. (i) If is decreasing in , then fit) is snhaddilive^ hut need not be 

convex or concave in . (ii) If f(i) is convex and suhadditive inl^ ^ thenf{t)ft is decreasing. 


Pkoof. (i) We have 


/(h d- Q 


k 


fik + k) 
h 4 " k 


+ k 


f(k d~ k) 
k 4* k 




fik) -hfik). 


The function /(O = satisfies the conditions of the theorem, but has a point of in- 

flection at ^ — 4. (ii) Take 0 < a < b and put = a, ^2 ~ a -j- 6, a ~ a/b in (6.2.4). 
This gives 

IficO +/(W] 

which upon simplification reduces to af{b) ^ bf(a). This completes the proof. 


fib) ^ 7 fia) -f 
h 


(-0 


f(a + b) ^ -f(a) + 
0 


■f- ^1 


Theorem 6.2.4. A necessary and sufficient condition that a measurable concave function 
fit) be suhadditive in I^ is that fi+0) ^ 0. 


Proof. Theorem 6.4.2 below shows that the condition is necessary. The sufliciency is 
proved as follows. Since f{L) is concave, —fit) satisfies (6.2.4) and upon placing = 0, 
(1 — oi) k — Cl, k — h, Ave get 


fid) «/(0) + (1 - «)/(W k 7 /(«. 

b 

Hence fii)/t is decreasing so that f{l) is suhadditive by the preceding theorem. In the 
proof we have tacitly assumed f{i) to be continuous to the right at / « 0. If this is not 
true, the desired inequality follows by a suitable passage to the limit. We leave this 
point to the reader. 

In discussing sul)additivc functions we may disregard the ease /==/-« for if 
/(/) is suhadditive in , ji — i) will be subadditive in . 

6.3. Infinitary solutions. It is desirable for the applications to allow solutions of (6.2.1) 
which have infinite values, + « or — co . Denoting real numbers by a, addition is defined 
for these symbols by tlic conventions: + = *3 co — 00 = — os. 

The symbol co — co is left undefined and if fik) « 4 co while fik) « — 00 , then the value 
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of f{l\ H- /o) not rostricUui at all by these data. A solution of (6.2.1) is said to ha finite 
in the interval (a, 6) if /(O 4-=« and — co when a < i < b. A finite suhadditive function 

is one. which is fmite in its interval of definition which is always understood to be open. The 
basic facts r(;garding infinitary solutions are contained in the following theorem. 

Theokiom 0.3.1. Let fit) be suhadditive in h . If fid) = — =« for a fixed a, a > 0, and fit) 
is finite in (0, <z), then fit) ~ for t ^ a and fit) — 4-00 for i < 0. If, on the other hand, 
f(a) = 4- , a > 0, then fit) = on a subset of (0, a) of measure ^ a/2 and if fit) is finite 

for t > a, then fit) = 4 ®® when i < 0. 


Pnooi'’. Suppose that /(a) = — co . If ^ > a we may find an h, 0 ^ /i < a, and a positive 
integer n such that / = a 4 nh, whence /(O ^ fia) 4 nfQi) and/(0 = — «• since/(/i) + 00 . 
If t is given, t < 0, then there is a quantity h, a ^ h, such that/(6) = — 00 and 0 < t + b ^ a. 
Hence /(O ^ fit 4 h) - fib) - + . 

Suppose instead that /(a) = -j-oo , a > 0. Then if > 0, ^2 > 0 and 4 ^2 = a, we hare 
q-cc fia) < fill) 4 fik)j that is, either/(/i) orfibi) is 4=® • Since /(U is measurable by 
assumption, it follows that fit) = 4*® on a subset of (0, a) the measure of which is at least 
a/2. If fit) is finite when t > a and ta < 0, then/(^o) ^ fia) — fia — io) - 4 «» • 

The following examples show that solutions of the type contemplated in Theorem 6.3.1 
really exist: 


400, ^ ^ 0, 

MO == ^cot iirt/a), 0 <t<a, 
--.CO, a ^ t < 

The verification is left to the reader. 


Mt) = 


a ■ 

4«, t S -- and 

ji 

0 elsewhere. 


t = a, 


6A. Boundedness. Finite subadditive functions have remarkable properties 
of boundftdness wMch will now be investigated. 

Theorem 6.4.1. If f{t) is subadditive and different from +co in I, then f if) 
is hounded above in any closed finite interval I* interior to I . If f(t) is also dif- 
ferent from — ^ , then f(i) is hounded m I*. 

Proof. Suppose first tluit I = 1+ , a > 0 and /(a) = A. For 4 + <2 == a, 
ti > 0, h > 0, we have A — /(a) ^ /(h) + /(h)- It follows that the measure 
of the set E,[f{t) ^ A /2, 0 < f < a] is at least a/2. Suppose now that /(<) 
should be unbounded above in some interval (a, ^) where 0 < a < ^ < co . 
We can then find a secpience of points {in} such that /(in) ^ 2ji, tn U ^ q:. 
It follows that for every n the set Effit) ^ 0 < i < /3] has a, measure g a/2 

and hence that/(i) = + «> in a set of measure § a/2. This is a contradiction 
and shows that to every 3 > 0 there is a finite Ms such that /(i) < Ms when 

s s i ^ 1/5. ; 

If I = /(I we prove by the same type of argument that /(i) is bounded above 
also in -1/S g i ^ -5. But fU) ^ /(I + e) +/(-!) and therefore /(i) is 
bounded above also in [-S, 5] and hence in every interval [-1/5, 1/S]. 

Suppose next that fit) is also different from - in 1+ . If /(i) is not bounded 
below in (a, 0) we can find a sequence {i„} such that fiQ ^ -n and {„ -> io . 
We set M = sup fit) in (2, 5). For any i' in this interval fit' + L) ^ 
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f(f) + f{tn) ^ M ~ n. For large n the intervals {L + 2, + 5) contain 

the fixed interval (to + 3, + 4) and for eveiy /, in this intervaI/(0 ^ M — n, 

that is, fit) = — CO against the assumption. Thus /(/) is also bounded below 
in [o, 1/d] and consequently bounded. 

If / == 7o the same argument shows that /(/) is bounded below in [—1/(5, 
-“5]. From boundedness in [1, 3] and the inequality f(e) ^ —fi?) + 
/(2 + e), one infers that/(0 is also bounded below in [ — 5, 5] and hence bounded 
in [—1/5, 1/5]. It is possible, however, to prove a sharper result at t — 0. 

Theorem 6.4.2. If f(t) is svbaddilive in /, then lirn inf;_>o/(0 either — x 
or ^ 0. In the first case f(l) is infmitary in /. 

• Proof'. Pul lim inf/_f)/(^) == X and suppose first that X is finite. There' 
exists a sequence {7i! f^uch that limn->^,o/(4) — X, U = 0, For n § A\ 

we have then X — € ^ f(2ln) £ 2f(tn) S 2(X + e) so that X g 2X or X ^ 0. If 
X = -|- CO, and I ^ lo f then f{t) s= co in at least one of the sul.) intervals /.f 
and 7_ . Finally if X = — ^ and I = 7.{. , then we (tan find a scciucnce jbd 
such that /(/n) ^ and /u — > 0. From /( 74) ^ —hi, one infers that /(G 
is unbounded below in every interval (cv, /3), 0 < a < /I < co . If + x 

in 7+ , the proof of Theorem G,3.1 shows that/(b ^ — x , If 7 == /(, instcaid, 
we still conclude that/(0 ^ + ^ in one or l)oth of tlu' sutuntervals and L. 
implies that /(O ^ ~oo in that subirilerval. It is possiblct, howovetr, to have 
f(t) == “ CO in one subinterval, + x) in the other, and /(()) porhuitly arbitrary. 

It should be observed that Iim/„,o/f/) does not, have to exist. An example' 
will be given in section 6.7 of a su))additiv('. function such that lim inf/^o/(/) = 0, 
limsup^,o/(0 = +«. 

6.5. Negative sabadditive functions. In oni(;r to amplify the {)rcic(Mling rosuli.s wo shall 
consider subadditivo functions taking on negative valucH, 'i'hc hcdiavior of such fimction.s 
differs in some rcspecits from that of typical subadditivo func.lions. 

Theorem 6.5.1. If f(i) is jlnile and suhaddiliva in.!, nndfia) < 0, a > 0, then fit) < 0 
for all large 'positive values of t. If I ). he replaced hy /it in llw ficfinniitfion , then in addition 
fit) ^ 0/or all negative values of L. 

Proof. Theorem 6.4.1 shows the existenc^e of a finiU- .1/ .such that fit) M when 
a I 2a. If now m ^ < (n + l)a, tlum 

/(O ^ f[{n - ])«] +/[i - (n - Dc] ^ in - \)f(a) .1/ g / -f ,1/, 

(I 

which is negative for all large po.sitive i. Moreover, tin* inetiuality shows that, fit) i.s 
bounded above by a linear function of / for i ^ 2a. Suppose? that/(0 is also defined for 
t ^ 0 and is subadditive in A, . Since /(4 is finite ami /(().) ^ 2f(Q) we have f(i)) ^ 0 and 
from 0 S /(O) ^ fit) ~k /(“*0 we conclude that /(/) aiifl f(~-h are* not rmgativo siinuliane- 
ously. In particular, f(i) is certainly positive for all large nr?gativ{i values of t. But if 
f(t) < 0 for any i < 0, then the argument used above shows (hat fit) < 0 for all /</,,< 0, 
which is impossible. Hence /(f) ^ 0 when i SO. 
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We note that if f(t) is subadditive and /(a) - 0, then/(na) ^ 0, = 1, 2, 3 , • • • , Here 

equality may hold for all n as is shown by the example /(i) = [ sin i [, a = tt. 

The simplest of all functions which are negative and subadditive in 7^ is /(i) = —t. By 
Theorem 6.2.4 any concave decreasing function with/(-[-0) = 0 is negative and subadditive 
in . The following theorem shows how to construct further such functions, the growth 
properties of which will be of interest in connection with the discussion in the next section. 

Theorem 6.5.2. Let /o(i) be negative and subadditive in 7^. and let F{t) he any positive 
never decreasing function defined in . Then /o(0 F{t) is negative and suhadditive in I + . 

The simple verification is left to the reader. The theorem shows that it is possible 
to construct a subadditive function on the interval 7+ which tends faster to — oo when 
t — )• CO than any fixed preassigned function of t. This is in marked contrast to the case 
in whicii/(0 tends to + oo with i ; here nothing faster than a linear function of t is admissible. 

6.6. Rate of growth. A finite siibadditive function is bounded in any 
finite closed interval interior to its interval of definition. It may, however, 
become unbounded when t approaches either end point of J. We start with a 
theorem concerning the behavior for large values of t. For the following com- 
pare G. P61ya and G. Szego [1, p. 17, Ex. 98] and the papers by A. Beurling 
[1], R. Cooper [1], and I. Gelfand [6]. See also Lemma 5.8.1. 

Theorem 6.6.1. If f{t) is a finite subadditive function on Iq and if 

inf ^ and sup = a, 

t>o t «<o t 

then 

(6.6.1) iim = /3 and lim = a, 

^—.4-00 t /-^~co t 

(6.6.2) —CO <a:^^<+co. 

If Iq is replaced by I^ , then only the first limit has a sense and now —00 ^ /3 < co . 

Proof. Since f{t) is finite, /3 is either finite or -- 00 and a is either finite or 
+ CO . We shall restrict ourselves to proving the existence of the first limit 
under the assumption that /3 is finite. The omitted cases follow the same 
general pattern and will be left to the reader. Choose an a such that f{a) < 
(j3 + €)a and let (71 + l)a S t < (n + 2)a, then 

^ ^ f(D ^ naf{a) , f(t - na) ^na^^ ^ f(t - na) 

'^ = T-T7r + — I — + — 1 — • 

Letting ^ + co , the last member tends to ^ + e since f{t — 7ia) stays bounded 

by Theorem 6.4.1. It follows that the first limit in (6.6.1) exists and equals p. 
The inequality a ^ P follows from 0 ^ /(O) ^ fit) + fi-t) upon dividing by 
/ and passing to the limit. The other inequalities have already been noted. 
The inequality (6.6.2) has an important consequence: 
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Theorem 6.6.2. A function finite and subadditive in and such that jS — 
— 00 , does not admit of a subaddilive extension to lowhichis finite for any t < 0. 

Proof. Theorem 6.5.2 fihows that Theorem 6.6.2 is not vacuous. Suppose 
now that f{f) is finite and subadditive in , /3 = — co , and f(t) has been ex- 
tended as a subadditive function to all of To . .Theorem 6.5.1 shows that the 
extension must be non-negative for t < 0. Suppose t\mtf( — b) < + so that 
f{ — kb) < +00 for /c = 1, 2, 3, • • • . Any negative t may be written in the 
form to — kb where h ^ to < 26. plence we have 0 g f{i) g /(/o) + f{ — kb) g 
M + /g/(— 6). This shows that the extension is finite for all negative values 
of t and therefore /(O is bounded in any finite interval. From the definition of a 
it follows that a ^ ~-f( — b)/b is finite and this contradicts (6.6.2). Hence the 
only possible extension isf(t) ^ + co for <{ < 0. 

Theorem 6.6.1 shows that every finite subadditive function in J+ is dominated 
above by a suitably chosen linear function of t for large positive values of i 
but no such dominant need exist for -~/(0 which may grow arbitrarily fast. 

A function which is finite and subadditive in I^. may also become infinite 
when t decreases to zero. This is shown by 

Theorem 6.6.3. Any function G{t) which is positive and 7iever increasing in 
is subadditive in , If G{t) -^ + oo when t 0, then G{i) docs not hcwe a finite 
subaddiiive extension for negative values oft. If f{t) is a finite non-nega,iive sub- 
additive function in /+ so is f(t)G{t), 

Proof. That G(t) and G{t)f(i) are subadditive in I^ is trivial Suppose 
that G{t) is defined and subadditive in Jo and that G(i) +cc when ^ +0. 

The inequality G(h) ^ G{t + h) + G{ — f)j which is valid for every h > 0, shows 
that G(t) = + oo for i < 0. 

The results on boundedness and rate of growth may be summarized as follows: 

Theorem 6.6.4. A finite subaddilive function is bounded in any finite closed 
interval interior to its interval of definition L // J = 7^. , then lim£^+« f{t) /t exists 
and equals /3 = infi>o/(i5)/ii < + oo . A linear function of t dominates f{f) for large 
ty but if ^ ^ 5 f(t) may tend to —<x> faster than any preassigned functmi when 

^ ^ + 00 . Further, X == lim init^^^fit) ^ 0 and A = lim sup t^of{t) g +co. 
7/ A == + 00 , f{t) may become infinite faster than any preassigned function when 
^ +0. For the same function fit), it may happen that X = 0, A = +oo, and 
/3 = — 00 , If either the second or the third relation holds, then f{l) does not admit 
of a finite subadditive extension in I^, If I ^ Iq, then /? > — co , a = lim^^-„^/(0 /t 
= sxipt<ofit)/t exists and 0 ^ /3 — a < oo. 

The behavior of a subadditive function for large values of t is of importance to the appli- 
cations. See Beurling [1] and Gelfand [6]. The former distinguishes between the non- 
analytic and the analytic cases according as jS - a is zero or not. The particular case in 
which or ^ =r 0 and the integralj-^f/(i)/(l -j- i^)] dt converges he refers to as the quasi - 
analytic one. This terminology is a natural one for the problem considered by Beurling. 
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2. Continuity and Differentiability 

6.7. Composition of two-valued subadditive functions. Given the linear 
functional equation F{k + h) = F{h) + F{h), the assumption that F(t) is 
finite and measurable ensures that F{t) is bounded, continuous, and differenti- 
able in every finite interval. Much less can be expected if = ” be replaced 
by “ ^ We have seen that a finite measurable subadditive function is bounded 
in every finite closed interval interior to its interval of definition. It will be 
shown below that it need not be continuous anywhere, much less differentiable. 
To bring out this and related facts which will be useful in the discussion, we shall 
introduce a class of special subadditive functions. 

Let E be a measurable semi-module of real numbers, that is, E = { a } is a measur- 
able point set and a, /3 6 E implies a + g E. Define 

fa, t e E, 

(6.7.1) fit; E) - 0 g a ^ 26. 

[ 6 , t C 2 ), 

This is obviously a subadditive function in 7o . The assumption that E is a 
semi-module may be dropped if in addition 6 g 2a. Incidentally, fit; E) is 
measurable if and only if E is; thus there exist hounded non-measurable suhadditive 
functions. 

If now {an} is any sequence of positive numbers with X)an convergent, if 
{En} is any sequence of distinct measurable semi-modules of real numbers, and 
if fit; En) is defined by (6.7.1) with fixed a, 6 independent of n, then 

(6.7.2) F{i) = £ aJif, ]2„) 

n=s=l 

is also subadditive in Jo . . ’ 

Among these functions we single out the following for special consideration. 
Let E be the set of rational numbers and let a 6 . Then fit; E) is a two-valued 
measurable subadditive function which is discontinuous for all values of f. With 
the aid of this function we can also construct counter examples to Theorem 
6.G.4. We choose a == 0, 6 = 1 and form fit) = f'^fit; E) — F where m 
and n are arbiti^ary positive integers. This is obviously a subadditive function 
in J 4 . with X = 0, A = -+■ CO , and ^ — 00 . 

Let Srt be the set of positive multiples of 1/n for n = 1, 2, 3, • • * , let 6 = ’:> 0 ‘ and 

an *= 2~”, Then 

(6.7.3) Fit ) = S 2"’* /(| « I ; 2n) 

n—l 

is a subadditive function in Jo which is discontinuous for all rational values of t except t =,0, 
and continuous for irrational t. If n is an integer, n 7^ 0, then F{n) = awhile lim^-^n F{t). 
~ Ja. Further limf_oF(0 = F{Q) - Ja. This function will servo us as a counter example 
to Theorem 6,8.2 below. Further counter examples will be constructed with the aid of 
the same principle in later sections. 
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6.8. Limit functions and continuity. We now introduce the upper and lower 
limit functions f{t) and f_{i) defined as follows: 

(6.8.1) f{t) = lim sup f{u)y f(t) = lim inf f(u). 

h ->0 p— w[</t "" h ~*0 p— 

We recall that f(l) is upper semi-continuovs and fit) lower semi-continuous. 

, Theorem 6.8.1. If fit) is suhadditive in I so are fit) and fit). 

Proof. The case of [it) is typical. If h and e are given positive quantities 
and aji = inf fiu) in ih — h, h + h) while = inffiti) in (4 — A, 4 + A), then 
there exists a- Ui in the first interval and a U 2 in the second such that fiui) < 
+ €, fiu 2 ) < h + e- Then Ui + ^2 is a point in (k + k — 2h, + ^2 + 2h) . 

Hence if yu is the infimum of fiu) in this interval, 

y 2 h ^ fiui + U 2 ) ^ f(ui) + fiu 2 ) < ah + /3a + 26. 

On passing to the limit with A, the inequality 

lik + <^ 2 ) S fik) + /(fe) + 2€ 

results. Since e is arbitrary, it follows that/(^) is subadditive in I. The upper 
limit function f(t) is discussed in the same manner. 

. Theorem 6.8.2. If fit) is suhadditive in Jo and o){i] f) = fit) — fit), then 

(6.8.2) • 0 ic^itif) SfiO). 

This inequality is the best of its hind. ///(O) > 0, then f(t) may be discontinuous 
everywhere. If fit) is continuous at t - Q but /(O) > 0, the discontinuities of 
fit) may still be everywhere dense. If, however, fit) is co 7 itinuous at t == 0 and 
/(O) = 0, then fit) is continuous everywhere. 

- Proof. Given t and A, e > 0, A > 0, and a point t , two points Ui and U2 may 
be found in the interval {t -h,i + A) such that/(wi) > /(i) - q fiu 2 ) < fit) + e. 
Hence 

^(^j/) ~ fit) fit) fiui) — /('W 2 ) -p 2e 
^/(^4I-~%) + 2€g/(0) + 36, 
if A is sufficiently small. Since e is arbitrary, (6.8.2) follows. 

That this inequality is the best of its kind follows from the examples of the 
preceding section. For the function fi\t\; X) where Z is the set of positive 
rational and a = 0, 6 > 0 but arbitrary, we have co (/:;/) s 6 = /(O; Z) and this 
function is discontinuous everywhere. Formula (6.7.3) exhibits a subadditive 
function which js continuous at the origin but discontinuous at all other rational 
points. Here F(0) > 0 and co(n; F) = F(0) for integral values of n. Finally, 
if AO. 1 b continuous and/(0) = 0, then /(O) = 0 and (6.8.2) shows that 

fit) is continuous everywhere. This completes the proof. See also Theorem 
2 . 8 . 1 . 
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Theorem 6.8.2 breaks down if f(t) is defined merely in since /(O) does not exist. The 
obvious expedient for getting out of this difficulty is to replace/(0) by A = lim sup/_^+o/,(it) = 
J(i(0), which is well defined. Though the inequality w(i;/) ^ /d(0) is false, the subadditive 
inequality will yield information concerning one-sided oscillations and limits. 


We introduce the four one-sided limit functions and the corresponding oscilla- 
tions 

(6.8.3) flit) = lim sup /(«), fail) = lim sup fiu), ' ' 


(6.8.4) 

(6.8.5) 


flit) = lim inf fiu), 

;i->0 L~h<u<t 

O^lit'J) = flit) - flit), 


fait) = lim inf , fiu), 
^ fdii) 


We note that if, for instance, = 0, then lim;i-.o/(^ — A) = f{i - 0) exists. 

The following theorem refers to the case / = /o or . If J = /_ instead Hve 
have to make an obvious interchange of left and right in the wording of the theo- 
rem, 


Theorem G.8.3. If J(t) is suhaddiiive in I — lo or so are the one-sided limit 
functions. Further 

(6.8.6) 0 ^ g /d(0), 0 g /) g /,(0) 

and these inequalities are the best possible. If fd{0) > 0, f{t + 0) and f{i — ‘ 0) 
need not exist for a single value of t. If /(+0) exists but exceeds zerOj. f(i + 0) 
may not exist for any t ^ 0. If fd{0) == 0 so that f{+0) = 0, then f(t + 0) and 
f{t — 0) exist everywhere and 

(6.8.7) fit - 0) k fit) ^ fit + 0), 

but sit] f) ^ fit — 0) —fit + 0) may be different from zero m an everywhere 
dense set. Moreover, if Fit) is any positive never-decreasing continuous function 
tending to + ^ with t, then there exists a subadditive function in I^. such thed 
/(+0) == 0 hut sit] f) § FiO for infinitely many values of t tending to.mfiiniiy. 

Proof. The asserted subadditivity is proved as in Theorem 6.8.1. The inequalities 
(6.8.6) are proved as (6.8.2) ; we have to observe that the points Ui and U 2 should be chosen 
to the same side of t and that 2/-1 > . This is always possible. That (6.8,6) cannot fie 

improved upon is shown by the subadditive function /(O which is zero or one according as i 
is rational or not. Here tod^;/) = f^dit’J) ^ 1 - fdiO) . Further, if 2 is the interval (0, 1) 
plus the sot of raiional numbers and if /(i; 2) = 1 on 2 and J elsewhere, then f(t] ’2) and 

/(o- s 2-/K2)) ■ ■ ; 

n^l 

arc subadditive in h . Hcre/(+0) exists but equals 1 and J{1 + 0) docs not exist for*/ ^ 0 
while /(/ — 0) does not exist for any i. 

Suppose now that fiiiO) = 0 so that /(-j-0) exists and is 0. It follows from (6.8.6) 
that fit -h 0) and /(/ 0) exist everywhere. The inequality (6.8.7) follows from/(/) < 
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f(t — h) 4* f{h) ixnd fit h) ^ /(t) d-IW upon letting h 0. Denoting by [t] the great e«t 
integer Stj one verifies easily that *-[/] and 

Sit) = - 2 

n-l 

are subadditivc; here/(+0) == 0 but sit\ f) > 0 for all rational values of L Finally, if 
F{1) has the stated properties, then by Theorem 0.5.2 we have that/(0 = ’~-F{t)\t\ is sub- 
additive in J+ ,/(/) = 0 in (0, 1) and «(n;/) = Fin) for w = 1, 2, 3, • • • . This completes 
the proof. 


6.9. Continuity in the mean. If /(/) is a finite measurable subadditive function, then 
Sit) is integrable over any closed interval interior to L We introduce the mean values 


(6.9.1) 


and set 


1 r 

S*{t) =1 m sup — / /(< + m) du, 
1 

/*W = lim inf — / /(i + %) du, 




Theorem 6.9.1. If fit) is a finite measurable function v)Kic)i is suhadditive in /, then the 
mean values Pit) and Pit) are also suhadditive in L Jfl^Ia^ then 

(<>‘^•2) 0 ^ €>it;f) ^/*(0), 

This inequality is the best of Us kind; d)it;f) « 0 for almost all t, but if f*(0) > 0 the rwinis 
where w(i;/) > 0 may be everywhere demise. ///*(0) = 0, - 0 and fit) is continuous 

in the mean everywhere. 


The proof is obtained by integrating the inequality 

fik + ^2 4* (^ + ^)s) S fih 4- ote) “h filt ~h 

with respect to s from —h to h and choosing the numbers a and properly. We omit the 
details. For the counter examples we use the function /(i; S) of formula (6.7.1) choosing 
a = 1,6 = J and in such a manner that (i) X is invariant urulcr the translation a = i + 2, 
(ii) the density of ^ is zero at ^ = 0, and (iii) tlie upper and lower densities are one and 
zero respectively at ^ = 1 . For this fund ion 3) = i and w(2n 4- 1 ;/) = | which shows 
that (6,9.2) cannot be improved upon. Condensing the singularities in the usual manner, 
we can obtain a subadditive function which is continuous in the mean at t = 0 but at no 
other rational point. Similar results hold for left- and right-hantlod mean values. 


6.10. Moduli of continuity. An important class of subadditive functions is furnished by 
the moduli of continuity associated with various function spaces. There does not seem to 
be an adequate discussion of moduli of continuity in tlic literature so the following con- 
siderations may have some independent interest. 

Starting with the simplest case, let Cu(~«3, co) be the class of complex-valued furtc- 
tion8/(^) , uniformly continuous in (- co , od ) , and form 

(6.10.1) fiit; f) = sup I fil 4* 0 - /(I) I , 

« max/4(s;/). 


(6.10:2) 


m\s) 
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The name modulus of continuity is usually reserved for M(U /) , but we shall use this terni 
generically for both types of functions as well as for the analogs defined below. . When' 
greater precision is necessary, we shall use the term rectified 7nodulus of continuity for M(i'J) 
and its analogs. , 

In the subspacc C[— of functions continuous in — oo g t ^ oo vidth the usual 
norm ||/ || = sup _c«<$<oo |/(|)|, wc have 

(6.10.3) mO:/) = |[/« + f) -/(I) II . 

These concepts c.xtend to other function spaces. Suppose that the elements,. of the 
complex (B)-spacc are functions /(^), defined for — oo < ^ < c« , and suppose tiiat the 
translations /(^ -f 0 > but arbitrary, belong to 36 whenever /(^) does. Suppose further 

that the definition of the norm is such that all translations have the same norm, 
ll/(^ H- 0 II ~ 11/ IIj that the translations arc continuous functions of t so _tha,t .j. 

lim |l/($ + 0 -/(^) II == 0when/€ ^ 

We can then deline 

(6.10.1) == + ^;(^) II , 

(6.10.5) Mx(U/) == sup 

as moduli of continuity in 36. The special case in which 33 == Lp(— ^ p < 
is well known. Here all assuinjitions are satisfied and the corresponding moduli, which 
will be denoted by /Xj>(U.n important concepts in the Lebesgue theory of 

integration. The main properties of moduli of continuity are listed in 

Thkoricm O.lO.l. If the space 33 satisfies the conditions stated abovCy then the 7rioduli 
M36(U /) M'^it; /) are eve7i conlirmous non-negative suhadditive functions in If, vanishing 
for t = 0. Further, M 3 e(U f) is 7iever -deer easmg for t > 0. If M 3 e(h) j /) — 0, to ^ 0, then 
Mx(U /) ^ 0 and /(^) is a constant. The limit of f) v>hen t ^ is £ 2 ||/ ||. The 
functions p(i;f) and M(U/) defined in (6.10.1) and (6.10.2) have the sa?nc properties except that 
they arc bounded if and only if /(^) is hounded, 

pROOB\ It is (jbvious that both moduli are non-negaiivc and vanish for t — 0. Since 
||/(fi — t) — /($) II « ||/(^) — /($ + U II by the assumed invariance of the norm under trans- 
lations, the moduli arc even functions of t. The same property of invariance plus the 
triangular inequality for the norm shows that Pt{i\f) is continuous for all t. This iHakes 
Mje(U /) also continuous. The same properties of the norm give 

M3e(h 4* U ;/) == ||/(^ 4 U + tz) ~ /(^) || 

S 1 1 /(^ 4 4 ifs) ^ /(^ + ^ 2 ) 114* II /(^ 4 ^ 2 ) '- /(^) 1 1 ' ' ' ’ 

“ MX(^i ) /) 4" P‘X,(f'2 if)- • 

A simple argument shows that M^ii;f) is also subadditivo, where, if k and tz have opposite 
signs, we have to keep in mind that Mx(U/) is even and never-decreasing when / > 0. 

Since M9e(U/) is subadditivc and never negative, the assumption g 3 e(a;/) ~ 0 implies that 
M36(U /) i® ^ periodic function of period a. This is still feasible, for instance, in the space 
Oa(— but in a Lebesgue space it would imply /(^) ^ 0. In the case of the rectified 

modulus M 3 e{i;/)j which is never decreasing for t > 0, the assumption MjeCa;/) r 6 implies 
Ujcil; /) ^ 0, and this in turn forces /(^) to be a constant (or equivalent to a constant). 
If /($) s 0 is the only constant belonging to 36 as in the case 36 = Lp{— «> , 00 ) ^ then Wei have 
the stronger conclusion that M 2 i(a;f) = 0 for an a 0 implies/(^) ^0. . ' . 
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From the obvious inequality ^2||/|| , it follows that M 3 :(i;/) ^2||/||. 

In some spaces, the numerical factor 2 cannot be replaced by any smaller number; thus 
in (7 [— 00 , og] the functions a 4* & arc tan ^ may be used to show that lim«_^^M 3 e(^;/)/ || / 1| 
may have any value between 0 and 2, the limits included. In Lo(— co , co) the familiar 
formula 

|/« + 1) - m) = 2 [1 - eos (t„)] |F(,)P dv, 

where F(t?) is the Fourier transform shows that 

limM2(«;/) = \/2 11/ II . 

i — >co 


This implies that 

(6.10.C) V 2 II/IIS limMsO;/) < 2||/||. 

^ f 00 

The discussion of the case in which /(iO € «>) follows similar lines and is left to 

the reader. This completes the proof of the theorem. 

We turn now to the application of those concepts to the discussion of the continuity 
properties of subadditive functions. 

Theorem 6.10.2. Let f(^) he a continuous subaddilive fvncUon hi lo with /(O) =0. Then 
f(^) ■€ C„(-<w , 00) and 

(640.7) n{l;f) - max [/(O, /(-/)]. 

In particular, if /(t) is even, thenp(l;f) ~ f{t) and if f{t) is also never deermsimj for t > 0 
thenUit'J) ^ fit). 

. Proof. The inequality 


-fi-t) t) m 


shows that 


I/U + 0 -m) [ ^ max [!/(0 i ,|/(-o 11 

and this bound is reached either for ^ = 0 or for ^ ~ -1. Jiut 0 - /(()) ^ fit) -f fi-t). 
Hence at least one of the quantities in the last member is non-negative and dominates the 
absolule value of the other. This proves (G.10.7) and the rest of tlio tlieorcm is obvious. 

Corollary. If fit) is a continuous even subaddiiive function and fiO) = 0, then fit) is 
the inon-rectified) modulus of conlhiuiiy of a function in €ni-^ , %) and if, in addition, 
fit) is never decreasing for t > 0, then fit) is a rectified modulus of continuiLy, 

These conditions plus boundedness are obviously also necessary in order that fit) be 
thc.modulus of continuity of a function in co , but we shall not attempt a complete 
characterization of such moduli here. 


6 . 11 . Differentiability. In studying the question of differentiability of 
subadditive functions we have a.s usual to start at t = 0. The following theorem 
should be compared with Theorem 6.6.1. 



Sec. 6.11] 


SUBADDITIVE FUNCTIONS 


143 


Theorem 6.11.1. If f{i) is a finite subadditive function in lo and if 
sup = B and inf = A 

i>0 t t<0 t 

ci7'e finite, then 

C6.11.1) lim = B and lim = A, 

A— >-|-0 hi h —* — 0 hi 

C6.11.2) A ^ B. 

The same conclusion is valid for B = + co and A = — provided lim f{fi) = 
O or lim inf /(A) > 0 when h 0 in 1+ and J_ respectively. If Jo is replaced 
Z>y /+ only the first limit has a sense. 

Proof. We proceed as in Theorem 6.6.1 and discuss only the first limit in 
detail. It is clear that —<x><B. Suppose that B is finite and choose an a 
such that /(a) > (B — e)a. Put a — nh + S, n positive integer, 0 ^ 5 < A. 
Then 

~ a ~ a a ah a 

Tet A — > 0; then nh/a — > 1 and /(5) — ^ 0, whence 

P — £ g lim inf ^ lim sup g B 
h h 

so that (6.11.1) holds. The same type of argument holds if P = and 
J^(^S) 0 with S. On the other hand, if lim inf /(A) > 0, we have manifestly 

JS =+ CO and lim /(A) /A = + co . The same conclusion, however, is no longer 
valid if lim inf /(A) = 0 < lim sup /(A) as is seen from the example of the sub- 
additive function which is 0 or 1 according as t is rational or irrational. Finally, 
formula (6.11.2) is an immediate consequence of the inequality 0 g f{t) + f{-t). 

We shall now consider the derived numbers of /(<) which will be denoted by a 
r>refixed D with an index -f to denote right, - to denote left, used as a superior 
for upper and as an inferior for lower derived numbers. Thus D-fit) is the lower 
left derived number of fit). 

Theorem 6.11.2. If fit) is finite and suhadditive in 1+ , then 
C6.11.3) D+fit) S B, D-fit) g B 

for all t. In I- we haxe instead 
(6.11.4) D+fit) S A, D-fit) ^ A 

and if fit) is finite and suhadditive in h , all four inequalities hold for all values of 
t . In the latter case, if A and B are finite, fit) is necessarily absolutely continuous. 
In particular, if A ~ B then fit) — At. 
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Proof. The theorem is obviously trivially true if A = cc and 5 = + co . 
If B is finite, the two inequalities 

fit + h) - m ^ ' m ~ fit ~ a) g m 

upon division by h and passage to the limit yield (0.11.3); replacing h by —h 
and proceeding in the same manner we get (G.l 1 ,4) . If all four inequalities hold, 
A and B being finite, the derived numbers are bounded measurable functions. 
By a classical theorem, due to Lebesgue, fit) is an indefinite integral of any one 
of its derived numbers and hence absolutely continuous. Finally if A = /i 
then/'(0 ^ A and f(t) = At since /(O) = 0. 

.Thus the conditions, /(O) = 0, /'(O) exists' and equals A, smgle out a unique suh- 
additive function fit) = At > 

6.12. Extensions. The preceding theory admits of extensions in several 
directions. We note first that the domain of definition of fit) need not be one of 
the intervals , and h considered above. Instead we could allow an 

arbitrary interval (a, oo), a > 0. We state without proof the following theorems 
which will be needed later. 

• Theorem 6.12.1. If fit) is subaddilive and finite in (a, oo) where a > 0, ilicM 
fit) is hounded above in every interval (2a + «, 2a + l/e) and bounded below in 
(a, a + l/e). If fit) is unbounded in (a, 2a + e), then it does not admit of a finite 
subadditive extension for i < a. 

Exami>le, fit ) «= aV(3 at — — 2 a ^) iov a <i <2 a and Jit ) = 1 for 2a ^ i is subacldi- 

tive in {a) co ) and not bounded above in (a, 2a) though it is finite. 

• Theorem 6.12.2. Under the assumptions of the preceding theorem Umt^cefit) /t 
exists 'and equals ixit fit) /t for t > a. 

We shall not discuss questions of continuity of such subadditive functions. If the 
function does not admit of a subadditive extension down to zero we loose our method of 
attablt on’ questions of continuity and differentiability and there is no obvious alternate 
method available. 

; .We can also, consider subadditive functions of n variables. We have then to discuss 
functions /(t) on En to Ei satisfying 

(0.12.1) /(tx + t 2 ) ^ /(ti) A fiW 

for all ti , t 2 in the domain of definition, S« say. Here ti A U is the vector sum of ti and tn , 
that is, the vector whose components are the sums of corresponding components of ti and tg . 
The set 2„ should obviously be a semi -module : ti , tg € S„should imply ti + ta € S,, . Actu- 
ally the relationship between semi-modules and subadditive functions is mutual; as wo 
shall see in the next chapter, if S» is open and has the origin as limit point then the boundary 
of is determined by a subadditive function in (w — 1) variables. 

The inequality (6,12.1) was used by Minkowski [1] to characterize convex solids. Any 
non-negative continuous function /(t) satisfying (6.12.1) and such that /(at) = a/(t) for 
all i and all positive a defines a convex solid containing the origin. If aLso/(— t) = /(t), 
then the origin is the center of the solid. 
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The same class of functions arises in the uniqueness theory of differential equations 
(generalization of the Lipschitz condition, see E. Kamke [1]) . From this point of departure 
M. Hukuhara [1] has determined the structure of all positive-homogeneous continuous 
subadditive functions in En . 

In these investigations == En and the assumption of positive-homogeneity simplifies 
the discussion very much. This assumption may be dropped, however, and the analysis 
may he based upon the same simple tools as in the case of one dimension. It is of course to 
be expected that some new features will arise. Thus, if == En and/(t) satisfies a suitable 
measurability and finiteness condition, then Theorem 6.6.1 generalizes to an assertion that 

(6.12.2) II u 11 = 1, 

e.xists and is bounded. If n — 2, then g(u) is the function of support of a bounded convex 
region. See section 13.3 where a similar investigation is carried out for an arbitrary angular 
semi -module 2® , Subadditive functions in n dimensions are investigated in detail in a 
forthcoming paper by R. A. Rosenbaum. 


CHAPTER VII 


SEMI-MODULES 

7.L Orientation. The present chapter serves several different purposes. It. 
contains the basic definitions in the theory of abstract semi-groups and it gives 
the elements of a theory of semi-modules ( = additive abelian semi-groups) with 
special reference to semi-modules in a euclidean space. Such semi-modules of 
real or complex numbers form the parameter manifolds of one-parameter semi- 
groups of linear bounded transformations, the study of which will start in the 
next chapter and occupy the greater part of this treatise. This fact justifies 
our studying the one- and two-dimensional cases at some length. 

There is a peculiar relationship between semi-modules and subadditive func- 
tions which was discovered by Max Zorn in 1942 and the present chapter is 
largely based upon ZoriPs work. In the case of an angular semi-module ( = 
open, additive set whose closure contains the origin) the boundary is deter- 
mined by a subadditive function whose domain of definition is an angular semi- 
module of next lower dimension. 

There are three paragraphs: Semi-Groups, jSemi-Modules in En , and Topo- 
logical Semi-Modules. References are found at the end of the first two para- 
graphs. 


L Semi-Gkoups 

7.2. Abstract semi-groups. The notion of a semi-group is of mu(di more 
recent origin than that of a group. It seems to have made its first appearance 
in the literature in 1904 in the treatise of J. A. de S<5guier on the theory of ab- 
stract groups [1, p. 8] which was followed a year later by a paper by L. E. Dick- 
son [1] devoted to the subject. Sec also G. Frobenius and I. Schur [1]. During 
the last fifteen years there have been sporadic papers on the algebraic theory of 
semi-groups; an incomplete list of such papers is to be found in the References at 
the end of this paragraph. However, the main importance of the semi-group 
concept does not seem to lie in the algebraic field, but rather in the applications 
to analysis -where topological semi-groups and in particular one-parameter semi- 
groups of linear transformations on a function space to itself come up in the most 
diversified connections. For such semi-groups, topological and analytical 
methods are available to complement the algebraic ones and a much richer theoiy 
results. We start the discussion by giving the formal definition of an abstract 
semi-group. 
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Definition 7.2.1. An abstract semi-group © is a system of elements which 
may be combined by a single-valued^ binary ^ and associative operation under luhich 
© is closed. Thus 

(i) to every pair of distinct or equal elements a and 5 0 / ©, taken in this order, 
there is a unique element a o b ^ ’B, and 

(ii) a o (b o c) == {a o b) o c. 

The reader will recognize (i) and (ii) as two of the classical postulates for ab- 
stract groups. He will note that the existence of a unit elem-ent and of inverses is 
not assumed. The semi-groups considered in this treatise will usually have a unit 
element, however, and some elements may have inverses. When the notion 
of a semi-group was first introduced by de Seguier and Dickson, a law of cancel- 
lation was also assumed: 

(iii) if for any three elements a, b, c either a oh ~ a<=> corb o a = c^ a, then b = c. 

If the semi-group has a finite number of elements, (iii) implies that © is a group 

which is not the case if merely (i) and (ii) are assumed. We shall not assume 
(iii) anywhere in this treatise. On the other hand we shall frequently 
assume: 

(iv) the operation is commutative, a o h = h q a. 

Definition 7.2.2. A homomorphism of a semi-group © onto a semi-group 
S' is a single-valued transformation x mapping © onto all of ©', and such 
that (x 07 /)' = x' o y^ for all x, y in ©, A homomorphism which is one-to-one is 
called an isoynorphism. An isomorphism of a semi-group onto itself is called an 
aulomorphism. 

Definition 7.2.3. © is a topological {Hausdorff, metric) semi-group if © is a 

topological {Hausdorff, metric) space in addition to being an abstract semi-group 
and if the operation satisfies condition MT (MH, MD) of Definition 1.13.1, 
In particular, if the metric is defined in terms of a norm subject to the condition 
II a o II ^ II a I! II II, speak of a normed semi-group. 

7.3. Transformation semi-groups. An abstract semi-group is usually obtained 
from a transformation semi-group by a process of abstraction which disregards 
the nature of the elements and preserves only their mode of combination. Con- 
versely, an abstract semi-group may be realized as a transformation semi-group. 
The following definitions explain the terminology. 

Definition 7.3.1. A set Z of transformations Ta on an abstract space 3E to 
itself is a transformation semi-group if TaT^ e Z whenever Ta and T^ G Z. 

Definition 7.3.2. A transformation semi-group Z is a realization of the ab- 
slracl group © if to every element a of B corresponds an element T{a) of Z in 
such a manner that T{a o b) = T{a) T{b). A realization is faithful if a ^ h 
implies T{a) 9 ^ T{b). 
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Thus a realization is a homomorphic mapping of the abstract semi-group onto 
a semi-group of transformations. Eveiy abstract semi-group admits of a 
realization by means of Ujl-lranslaiions. We take for K the semi-group manifold 
itself and define T{a) to be the transformation y = ao x. Then there is a unique 
T{a} to every o in © and T(a o h) = Tia) T(b). The realization is certainly 
faithful if © has a unit element or, more generally, ifa°x = b°x for all .r in S 
implies a = &. 

This method does not always lead to a faithful realization, however. Thus in the .semi- 
group of matrices of the form 

Xi2\ 

\0 0 A 

two left-translations 2 (a) and I'ih) always coincide if an = hu regardless of the values of 
ai2 and 612 . 

Definition 7.3.3. A rcaKzat.io7h X of Q is called a represeniation of © if I 
is a Bauach space and the elements of ave lineav bounded tvansfoTmalions. J f 
H is n-diviensional, the representation is of degree ra- 
in classical algebra it is customary to restrict oneself to representations of finite 
degree. This would not be appropriate for the applications which we have in 
view; even if representations of finite degree exist, it is those of infinite degree 
which are apt to be of interest to the analyst. Thins practically all the (rans- 
formation semi-groups which are studied in Parts Two and Three of this book 
are representations of infinite degree of very simple abstract semi-groups for 
which one can find trivial faithful representations of degree one. The next 
definitions serve to introduce these special, semi-groups. 

Definition 7.3.4. A senii-moduh is am, additive abelian semi-group, that is, 
X o y =2 y Q X = X y for X, y £ 

Definition 7.3.5. A one-paratncler semi-group © is die homotnorphic wwgc 
of a semi-module 2 of real or complex numbers. 2 is called the parameter manifold 
of ©. 

Thus © = {av} is a one-parameter semi-group if the law of composition roads 

(7.3.1) Xa ° Xff = Xf o Xa — a‘o+i9 , (X, (z X. 

Such a semi-group has a faithful trivial representation by a semi-group of trans- 
lations: 

T(,a)x = X <x, 

where TCa) operates on the space of real or of complex numbers. This repre- 
sentation is of degree one. It is a special case of the representations defined in 
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Depinitio.m 7.3.G. Given a (B)-spc(ce H and a family Z = {r(a)} of endo- 
moi'phisms of H {= linear hounded transformations on X to itself), where T(a) is 
defined for a in a semi-module 2 of real or complex numbers. % is called a one- 
parameter semi-group of endomorphisms if for all a, in I, we have 

(7.3.2) T{a)Tm = T{a + 0). 

The .study oi .such semi-groups will be our main concern in the remainder of 
this book. 


7.4. Some examples of semi -groups. We list some simple illustrations of the semi- 
group concept. 

(1) A ring is a semi-group under addition as well as under multiplication. A group is 
also a semi-group. 

(2) The positive real numbers form a semi-group both under addition and under multi- 
plication; the negative numbers only under addition. 

(3) The complex numbers inside the unit circle form a semi-group under multiplication. 

(4) The complex numbers 2 in the sector a < arg ^ < /3 form a semi -module if /3 - a ^ tt. 

(5) The complex numbers z - x iy such that a; > | ?/ |“, o: fixed, 0 < a ^ 1, form a 
semi -module. 

The following transformations give examples of one-parameter semi -groups of linear 
bounded transformations. 

(0) Let B be the class of analytic functions /( 2 ) , bounded and holomorphic for > 0? 
with 1 1 / 1 1 — sup I Jiz) I . Let a linear bounded transformation on B to itself be defined 
by Ta lf\ — + ol) when 9t(a:) > 0. Then 2: — [Ta] is a ono-parameter semi-group. 

(7) Let Jj(0, 1) be the class of integrable functions on the interval (0, 1) with ||/ || = 
I!, I f(0 I dt/ For > 0 define 

1 

Tjf] = _ 7 ~T / {I — uY ^fiu) du. 

LCa) Jo 

Then X — ( T„} is a one-parameter semi -group of linear bounded transformations onL(0, 1) 
t o itself. 

In (6) and (7) the parameter manifold is the semi-module 9t(«) > 0. In both cases the 
identity transformation can be adjoined and serves as the unit element but inverses do not 
exist or, to be more precise, the inverse of Ta exists as an unbounded transformation with 
domain dense in the space in question. In the following example the parameter manifold 
is the positive real axis which is a semi -module by (2) . 

(8) Let C[0j 00 1 be the (B) -space of functions /(O continuous for 0 ^ t ^ cc and with 

1 1 / 1 1 - sup I fit) I . For a>0 define Ta[f] = /(i + a) . Then X is a one-parameter 

semi-group of linear bounded transformations on (7[0, ^ ] to itself. 


References (algebraic theory of semi-groups). 

History: Dickson [1], Frobenius and Schur [1], de S4guier [1]. 
Arithmetic: Arnold [1], Lorenzen [1]. 

Representation: Clifford [1], Suschkewitsch [2]. 

Structure: Dubreil [1], Rees [1 ], Suschkewitsch [1]. 
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2. Semi-Modules in 

7.5, Topological considerations. We shall be concerned with the simplest of 
all infinite semi-groups: the semi-modules in an n-dimensional euclidean space 
En . For a given n the set of distinct semi-modules in En is non-denumerable and 
the classification and study of the structure of the various types is essentially a 
topological problem which, as far as we know, is unsolved even for = 1. 

In the case of modules the situation is different (sec J. Nielsen [1] and V. Bergstrom [IJ) . 
The whole space is the only open modulo. If the module is a closed set, then it is the direct 
sum of one-dimcnsional modules which are either equivalent to the module of real numbers 
or else to a module generated by a single element. The general case requires further 
analysis. 

We shall not undertake a general study of the structure of n-dimensional semi- 
modules, but we shall introduce some concepts which would seem to be useful in 
such a study and which will be needed later, and we shall solve the structure 
problem for a particular case which is basic for the theory of one-parameter 
semi-groups. 

Definition 7.5. 1 . An element of a semi-moduie is called reducible if it is ike 
sum of non-zero elements of the semi-mod%ilc^ otherwise irreducible. The set of all 
irreducible elements is the irreducible core. If the latter is vacuous j the semi-module 
is called indejlniiely reducible. 

Definition 7.5.2. If S is an arbitrary set of vectors in E,, , the least semi- 
module of En which contains S is called the additive resultant of 8 and is denoted 
by (S)a. 

The semi -modules in examples (4) and (5) of section 7.4 are indefinitely reducible. The 
somi -module of real numbers i > a > 0 has the interval a < i ^2a an its irreducible core and 
is the additive resultant of its core. These examples suggest that a general semi -modulo 
may be the direct sum of the additive resultant of its irreducible core and an indefinitely 
reducible semi -module. 

Theorem 7.5.1. The additive resultant of 8 is uniquely determined as the inter- 
section of all semi-modules in En containing 8 and (8) a consists of precisely those 
vectors of En which are ob tamable as flniia sums of tweiors in S. 

The proof is immediate. 

We shall need some properties of the additive resultant in later applications. 
It is clear that (8) a is open {closed) whenever 8 is open {closed). If 8 is open and 
contains the origin^ them {8) a is the whole space. The connectivity questions arc 
less obvious. Since the additive resultant of an open sphere has only a finite 
number of components, the additive resultant of an open connected set has the 
same property. 

The situation is somewhat simpler in the case of convex sets. In this case w(^ 
have still another representation of the additive resultant. Let Sa denote the 
image of S under the affine transformation x' = ax^ a > Q. Let x f {8) a . Wc 
can then find an integer v and v vectors Xi , .To , - • * , x, f 8 such that x = 
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xi -j- X2 Xp . Since S is convex = v~^{xi + • • * + a%) € ^ and x = 

vyp , that is, x ^ Sp . Conversely Sp C {S)a for all v so that 

(7.5.1) {S)a = UpSp , Si = S convex. 

Lemma 7.5.1. If S is a convex open set in En , then {S)a is connected if and only 
if Si f] S2 0 and if this condition is satisfied^ Sp fl £^^41 7^ 0 for all v. 

Proof. Let a; be a point in iSi fl S2 . Since it is in & , there is a point y in 
Si such that x ~ 2y. Since a: is also in ;Si , the whole segment xy is in Si . If 
is a positive integer, v > l,Zp — {I — v'~^)y + v'~^x is a point of this segment and 
vZp is in Sp . But a simple calculation shows that vZp = {v + l)yy which is in 
/Sh-i . Hence Sp fl Sp^i 7^ 0 for all v. This implies that Xp = con- 

nected for all V and, consequently, that (/S)a has the same property. This shows 
that the condition is sufficient. But if Si fl S2 = 0, then the equation x = 2y 
cannot be satisfied by x and y in Si . If x and y are points in Si on the same ray 
(half-line) from the origin, we have consequently always || rr || < 2 || ?/ ||. A 
fortiori, |j x\\ < v \\y || for ^ > 2, so that jSi fl = 0 for v ^ 2 and (S)a is not 
connected so the condition is also necessary. 

At this juncture a stronger result suggests itself, viz., that iS)a is actually 
simply-connected when it is connected, S being an open convex set. This is 
trivially true in the linear case, but far from obvious in the plane or in En . The 
conjecture has been proved by E. G. Begle whose proof we reproduce below with 
his permission. 

Theorem 7.5.2. The additive resultant of an open convex set in En is simply- 
connected whenever it is connected. 

Proof. The case in which the origin is in the set S can be dismissed as trivial 
since {S)a is then the whole space. Next, let the origin be a boundary point of 
S and X 6 S. Then all points ax with 0 < a < 1 are in aS and in {S)a if 0 < a < 
oD . This makes {S)a trivially connected. If y and 2 are two points of {S)a , 
then there exists positive numbers oi and and two points u and y in >5 such thai 
y aUyZ = fiv. Since the line segment joining u and v is in S, the line segment, 
joining y and ;c; is in {S)a . Thus {S)a is a convex open set and {S)a is simply- 
connected. 

Leaving these trivial cases to one side, we assume that S has a positive dis- 
tance from the origin and that aSi fl & 7*^ 0 so that {S)a is connected. We may 
also assume that S is bounded, since the unbounded case can be handled by a 
suitable limiting process once it is known that the theorem is true for bounded 
convex sets. 

It is sufficient to show that Zj, = Uf is simply-connected for all p. For, 
on one hand, we observe that every closed curve of {S)a is a compact set, 
and hence lies inside some sphere in En with center at the origin. On the other 
hand, S = Si is at a positive distance from the origin, and therefore for suffi- 
ciently large /r, Sk lies outside any given sphere. 
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To continue the proof; we require the following 

Lemma 7.5.2. For any j, k, j < ky we have 

( 7 . 5 . 2 ) Si n & = Sj n Sm n • - n n & . 

Proof. It is sufficient to show that the left side of (7.5.2) is a subset of the 
right side, since the opposite inclusion is obvious. Let z be any point of Sj fl Sk * 
Then z = jx = hy where x and y are both in ^Si . Then the segment fv/, x] is also 
in Si . Consider now the segments [jVyjx], [{j + 1)?/, ij + ‘ ) [(^‘’ '^)y7 

(k — l)a;], [ky, kx]. The first of these is in Sj , the second in /SV-+i , and so on. 
We assert that these segments all contain the point The first point of each 
segment is S ky — z with obvious interpretation of the inequality. The end 
point of each segment is ^ jx = 2 ; which proves our assertion. 

The main theorem now follows by induction, as follows: 

Certainly Xi = is simply-connected. Let us assume that is simply- 
connected. Then U S^^i . Now X^ fl ,41 == UUiS, fl Sp^i), 

But, by the lemma above, Sj 0 Sp^i = Sj fl Sj+i H • ■ * fl fl S^h-i . Hence 

Xp n Sp^i = n Si^i f\^-^r\Spf\ Sp.^) c n Spn • 

But Sp and Sp^i are both convex, so Sp (1 Sp^i is also convex and hence con- 
nected. Since , being convex, is simply-connected, and X^, , by hypothesis, 
is also simply-connected, we can now apply the well-known theorem that if the 
intersection of two simply-connected sets is connected, their union is simply- 
connected. This proves the theorem, We observe that the same proof applies 
if S is closed. 

7.6. Angular semi -modules. As a general discussion of the structure problem 
for semi-modules would take us too far afield, we shall impose restrictions which 
single out a well defined class of semi-modules with comparatively simple proper- 
ties. For the following discussion see E. Hille and M. Zorn [1]. 

Definition 7.6.1. A semi-module in a topological additive group is called an 
angular semi-module if it is an open point set having the origin as a limit point. 

We shall usually assume that the semi-module is a subset of and a de- 
tailed discussion will be carried through only for n — 2. 

We note a striking difference between modules and semi-modules: the only 
module in satisfying the conditions of this definition is the space itself. In 
one dimension there are only two proper semi-modules : the positive axis and the 
negative axis which of course are equivalent under a reflection. In two dimen- 
sions we have a much greater variety, but the various types can be characterized 
in simple terms by means of sub additive functions defined on one-dimensional 
semi-modules. This characterization extends to higher dimensions: the angular 
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semi-modules in En are determined by subadditive functions defined on angular 
semi-modules in . The relationship between angular semi-modules and 
subadditive functions is consequently of recursive nature. 

We start the discussion by proving some results of varying degree of generality 
which are needed for our problem. 

W(^ observe first that in any HmisdorJT additive group, the closure of a semi- 
module is itself a scmi-m.odvle. 

Theorem 7.G.I. If 2 is a se7ni-module in En and if every sphere with center at 
the origin contains an element of 2 diffcre^it from 0, then there exists a vector i 0 
such that the ray pb, p ^ 0, is in the closure of 2. 

Proof. We denote the length of the vector by || 2 ; 1 1. assumption there 
is a sequence {(%}, ay 6 a, 5 =^ 0 with lim ay = 0. The unit vectors aj/\\ aj || 
must have at least one limit point in En and without loss of generality we may 
assume lim ay/|| ay || = b where || 5 || = 1. If p is given, p ^ 0, we set ny = 
fp/ll l|] + i where [a] is the largest integer ^ a. Thenwehavclimny||ay|| = p 
and the relation 

pb — (lim 7ij\ \ aj ||)(lim ay/|| ay ||) == lim %ay 
shows that pb is the limit of a sequence from 2, 

Theorem 7.G.2. If SE is a Ilausdorff additive group in the sense of Definition 
1.8.1 (2) and if © is an angular semi-modide in X, then © is the interior of its own 
closure. 

Proof. We have to prove that if a point x of ^ does not belong to @, then 
every neighborhood of x contains an open set which is not void and has no 
points in common with ©. To prove this we take a neighborhood C/o of the zero 
element such that x - Uo is in U:, ; in this neighborhood there will be a vector y 
which, together with a full neighborhood Uy , is contained in © D C7o . The 
non-void open set x - Uyis contained in Ux but has no points in ©; for if n; - -a 
were in ©, x ^ u + {x — it) would be, which is not true. This proves the 
theorem. An important consequence is 

Theorem 7.6.3, Under the assumptions of the preceding theorem © + © C ©. 

Proof. It is required to show that if and y are arbitrary elements of © 
and © respectively, then their sum belongs to ©. Since the closure of a senu- 
group is a semi-group, © + © is first of all contained in © so that rr + ^ is in @. 
But with X + y there is a full neighborhood of the form Uj: + y also in ©; in 
other words, every point of © + © is an interior point of © and therefore con- 
tained in © itself. 

Theorem 7.G.4. If '2 is an angular semi-moditle in En , there exists at least one 
vector h ^ 0 such that x (i 2 implies x + pb ^ 2 for all p ^ 0. 
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Proof. It suffices to choose the vector 5 in S which is furnished by Theorem 
7.6.1 and then to apply Theorem 7.6.3. Actually a slightly sharper statement 
could be made: to every x 6 S there is a positive €{x) such that .r + p5 6 N for 

p > 

All that Ave have said so far in this section applies in particular to an angular 
semi-module in . We shall now concentrate on this case and determine the 
structure of 2. Since the properties of 2 are invariant under rotations about 
the origin, Ave may take b as the vector (1,0) and identify E 2 with the complex 
plane. All vectors in E% are then of the form z — x iy and if Xq + iyo G 2, 
then X + Wo G 2 for x > ;ro 6(^0)- Now it is obvious that the characteristic 
properties of an angular semi-module (additive, open point set whose closure 
contains the zero element) are preserved under a projection on a linear subspace. 
Hence we have 

Theorem 7.6.5. The 'projection of 2 o7i the imaginary axis is one of the three 
sets E{y > 0), E{y < 0), and E{— co < y < co). 

It is clear that the first two alternatives are equivalent under a reflection of 2 
in the real axis. We may consequently restrict ourselves to the case in which 
the projection of 2 is one of the sets E(y > 0) or !?( — 00 < y < co). We de- 
note the projection by TT. The last tw’o theorems show that we may introduce a 
function f{y) defined as a real number or — co for ^ G H by 

(7.6.1) f(y) = lim inf x, x + iy f 2. 

We have then the basic 

Theorem 7,6.6. f{y) is a subadditive^ upper semi-continuous function on TI 
such that lim. mfy^ofiv) = 0 or — co. In the latter case, f(y) ^ in IT. 

Proof. Suppose that xi + iyi and X 2 + iy^ are two points of 2. This implies 
that f{yf) -f 5 + iy^ and f^yf) -f 5 + iy<i are in 2 for every 3 > 0, hence 
/(^i) + /(^/a) + 28 + ilyi -f yj) is in 2 so that/(2/i + 2/2) < fivi) + f{y 2 ) + 25. Since 
8 is arbitrary, f{y) is subadditive. The fact that 2 is open implies that to every 
yo in n there is a 5 > 0 such that all points x + iy Avith yo — 8 < y < ijo + 5, 
.'c > f{yo) + 8 belong to 2. This implies that/(?/) < f{yo) + 8 iov \ y - yol < 5 
so that f{y) is upper semi-continuous. Finally, 2: = 0 is supposedly a limit point 
of 2. This requires that lim infj/-.,o/(2/) = 0. As an upper semi-continuous 
function, fiy) is measurable so that Theorem 6.4.2 applies. This theorem gives 
two alternatives: either lim ^ 0 or it is — 00 . In the former case avc 

see that lim inf2/-.^of(2/) = 0. In the latter case we have /(?/) ^ — 00 since /(?/) 

+ CO for every y in II. This completes the proof. If f{y) ^ — co , then ob- 
viously 2 is either the upper half-plane y > Q or the whole plane according as 11 
is E{y > 0) or E{— co < y < co). 

Combining the last tAvo theorems, Ave arrive at the following description of 
the angular semi-modules in the plane. 
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Theorem 7.6.7. There exists a pair of orthogonal unit vectors u, v such that the 
angular semi-module 2 consists of all vectors ^u + lev with ^ > fin), where 

(i) u varies over one of the sets E(rf > 0), Eiu < 0 ) , or Ei — ^ < 97 < 00), 

(ii) the function f(r)) has real numbers or — ^ as values, is suhaddiiive and upper 

semi-conimuous and satisfies the condition lim = 0 or — co . 

Conversely, every set of vectors satisfying these conditions is an angular semi- 
module in E 2 . 

We say that a function /(??) satisfying condition (ii) is an admissible subadditive 
function. Thus, to every angular semi-module iS in the plane corresponds a 
“restricted product'^ [H, f{r))] where TL is an angular semi-module of real num- 
bers and f{ 7 )) is an admissible subadditive function defined on IT. Conversely, 
every restricted product defines an angular semi-module of the plane. In the 
preferred system of coordinates, the boundary of is made up of the curve 
I = f(^r}) together with horizontal line segments corresponding to the discontinu- 
ities of fiv)- If II = > d), the positive w.-axis is also part of the boundary. 

Since the vector b = u of Theorem 7.0.1 ordinarily is not uniquely determined, 
the same holds for the preferred coordinate system {u, v) so that the same angular 
semi-module may correspond to infinitely many restricted products. We list 
some of the geometric properties of angular semi-modules in the following 

Theorem 7.G.8. An angular semi-module in the plane is a simply-connected 
point-set. It is either the whole plane or a subset of a half plane. It is indefinitely 
reducible in the sense of Definition 7.5. L 

Proof. To show that 2) is arc-wise connected we exhibit for any two elements 
^iU + 77iy and ^^u -f of ^ a polygon which connects them and is contained 
in E. The construction is possible l)ecausc the upper semi-continuous function 
/(t;) has a finite least upper bound in the interval m ^ y S m • If M oxcioeds this 
bound, the polygon is made up of the following ihree—possibly degenerates- ■ 
arcs : 

(i) ^ fi + V = nil 

(ii) J “ M, V - Vi + dim — 9?i), 0 ^ d ^ 1, 

(iii) ^ M + di ^2 — g), V = m • 

To prove that Z is simply-connected, let C be a simple closed curve (jonsisting of 
points in E; we have to show that a point z inside C (in the sense of the Jordan 
Curve Theorem) is necessarily contained in X. Indeed, consider the ray z — pu, 
p g 0. This ray will intersect C at a point zo — z — pow of 2, and by Theorem 
7.6.4 this implies that z = zu + pqII is in X. 

li f ( 7 ]) ^ — CO then S is a half-plane or the whole plane according as If is a 
proper or an improper semi-module. Wo can dismiss these cases as trivial. 
Again, if II is a proper semi-module, say Eirj > 0), then E is restricted to (die 
upper half-plane. The only case remaining in doubt is that in which II — 
Ei — 00 <?;<co) and lim inf firj) = 0. Since /(?;) 5^^ Theorem 6.3.1 
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shows tliat/(j 7 ) -c», so that f{v) is finite. Theorem 6.6.1 then givc.s Llu^ 
o.xisteace of two finite quantities a and /3 with a ^ ^ such that/(i?) ^ firi wlnm 
)7 > 0 and/(i)) ^ at] when t] < 0, so that 2 is contained in a sector witfi vcrlc-x 
at the origin and opening ^ tt. 

Finally, let 2 6 2. Since 2 is an open set, the closure of which contains tin; 
origin, we can find a 2 o such that zn and 2 — 20 are in 2. This asserts tlial 2 i.s 
the sum of two elements of 2 so that 2 is reducible and 2 consequently indeli ri i I ely 
reducible. Tliis completes the proof. 

The extension of these results from two dimensions to n is a fairly .simple, 
matter. Let 2„ be a given angular semi-module in E,, and choose a Carlc.sian 
coordinate system {ux , ih , ■ ■ ■ , itn) in which the positive Mi-axis belong.s to 
the closure of 2„ . This is possible by virtue of Theorem 7.6.1. Wo then pro- 
ject 2„ on the orthogonal (n - l)-dimensional space i?„_i = (ip< , ■ ■ ■ , v/,.) . 
The set of all vectors y = (ms , •••,««) such that there is a vector x = 
(«i , M 2 , • • • , M») in 2„ is an angular semi-module in L’„_i as observed al) 0 \’(!. 
We denote the projection of 2„ by 2„_i . We then define 

f(y) = /(•M 2 , ,Un) = lim inf Ui when ■■■ , 7<„) 6 2„ . 

The values of this function on vectors in E^-i arc real numbers or — . That it 

is subadditive and upper semi-continuous is proved as above and the sam<^ fyp(! 
of argument also gives lim inf„.,n/(y) = 0 or — co . Thus every angular f^emi- 
module in En gives rise to a restricted product [2,._i , /(y)] and vice versa. 

Thus, in order to characterize the angular semi-modules in n-dimnnsional ciirli- 
dean space we have to determine (i) the angular semi-modules in (n — V) -dimensional 
space and (ii) the admissible subadditive functions on such a semi-moduk in E„ 1 . 
The necessary tools for carrying through this recursive process have been given 
in the preceding discussion and we shall not go into further detail here. 

The methods developed above can also be used for a study of closed semi- 
modules in En containing the origin. Theorem 7.6.1 obvioirsly applies, but wlieu 
we project on En-x the projection, which is a semi-modulo and contains the origin, 
is not necessarily closed but is merely a set . It is therefore more natural to 
assume at the outset that the original semi-module is a set /'L since this proptu'l y 
is preserved under projection. Wo desist from further indications. 

References. Bergstrom [1 ], Hille [7, §2.5], Hille and Zorn [1], and .1. Nii'Iscn 
[1]. 


3. Topological Semi-Modules. 

7.7 Zorn’s category theorem. The emphasis placed on the study of angular 
semi-modules in the preceding paragraph is justified by a previously uupubli.shcd 
result due to Max Zorn. 
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I HEORKM / .7. 1 . Let y, he a topological additive group in the sense of Definition 
1.8.1. Let S he a semi-module in If 8 is of the second category at the zero- 
dement and if S satisfies the condition of Baire, then Int (»S) = Int (S) and Int (^) 
is dense in S. 

Phoof. The proof is based upon the properties of Ivuratowski’s operator D 
(ef. sections 1.2 and 1.8). We recall that D(X) i,s the set of all points of X where 
the set A is of the second category, that D(X) is closed, contained in X, and 
equals the closure of its own interior. For tiTiographical reasons we shall denote 
the closure of X by X* in this proof. The symbol X + F denotes the set 
+ y \ ^ f A', ?/ € Y, and — F = { —y] ,y^Y. The point of departure is the 
inclusion 

(7.7.1) D(X) - F C D(X - F) 

which is prov'ed by observing that if X is of the second category at the point a 
then X — F is of the second category at every point a — y,y £ Y. 

By assumption 6^ B>{S) and consequently also 6 ^ D{— S). We now set 
A' == ri, F = —B, obtaining Z)((S) + S c:D{S + S) and 

S C D(S) + S CD{S+ B) = D(S) 

so tha(. S C D(S). Using the properties of DiX) mentioned above, we see that 
B* C {D(B)r = DiS) C S* so thati)(S) = B*. 

To simplify the notation we ^vrite —S = R and denote the complement of 
B by T. We shall prove that DiT) — T*. We note first that R + T CZ T. 
Indeed, if a; 6 B,y Q T, then the assumption that — a; + 2/ € S implies that y = 
X + {—X + 2/) € B, which is impossible. We have then 

T C D{R) + T (Z D(R + T) d D{T) d T* 

and T d DiT) implies T* d [DiT)]* = DiT) so that DiT) = T* as asserted. 

We now bring in the assumption that B satifies the condition of Baire. One 
formulation of this property is the assertion that DiB) D DiT) is non-dense so 
that B* n T* is non-dense. This says that Int iS*) (1 Int (T*) = 0. But if an 
oi3(!n set does not meet a given set, then it cannot meet its closure. Hence 

Int iB*) n [Int iT*)]* = 0. 

But 

(7.7.2) [Int (T*)]* = [Int DiT)]* = DiT) = T* 

so that Int iB*) d Int iB). The opposite inclusion is trivial and consequently 
Int iB*) = Int iB) which was the first assertion. 

In (7.7.2) we may replace T by S by a similar argument. This gives 

[Int (S)]* n ;8 = »S'* n *8 = 

so that the interior of S is dense in S. This completes the proof. 
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This theorem shows that any non-pathological semi-module, haying the 
origin as a limit point and located in a topological additive group, differs from an 
angular semi-module by a non-dense frontier set. The structure of the latter 
remains to be determined. It is also fair to remark that our discussion in the 
preceding paragraph does not throw much light on the structure of an angular 
semi-module in a topological additive group, since we have restricted ourselves 
essentially to euclidean space. 



CHAPTER VIII 


ADDITION THEOREMS IN A BANACH ALGEBRA 

8.1. Introduction. We shall now take up the main theme of these Lectures: 
the theory of one-parameter semi-groups of endomorphisms and the various rami- 
fications and applications of this theory. The point of departure is the following 
problem : 

Let he a complex Banach space^ @(X) the corresponding Banach algebra of 
endomorphisms of H. Fitrther let 2 be a given angular semi-module of real or com- 
plex numbers. Determine all functions T(f ) on S to (g(aE) such that for all f i and 
{*2 in D we have 

(8.1.1) T(fi)r(f2) = r(fi + f2). 

If 2Xf) is a solution of this problem, we refer to © = { T'(f) } as a one-parameter 
semi-group of endomorphisms with parameter manifold S (see Definition 7.3.6). 
We may regard © as a representation of the semi-module S, but this interpreta- 
tion is of no use for the following. 

The first case which must be settled is that in which 2) is the interval (0, oo). 
This case is kept in the foreground throughout; while the complex module will 
play a basic role in the present chapter, proper complex semi-modules will not be 
considered until Chapter XIII where analytic semi-groups are studied. 

Equation (8.1.1) is formally the addition theorem of the exponential function. 
Actually the classical exponential function is a special instance of our theory for 
if we take 36 = , the complex plane, and define T(^) as the similitude iv = 

f(Qz where 

(8.1.2) Ml + ^ 2 ) - mm, 0 < , ^2 < 

then © = { T (^) } is a one-parameter semi-group of linear transformations, Ifc 
is well known that if /(?) is supposed to be measurable, then either /(?) ^ 0 or 
there exists a complex number a such that /(^) = Moreover, this semi- 
group may be extended to an analytical group defined for all real and complex 
values of the parameter since is an entire function of f and satisfies (8.1.2) 
for all values of 

It is then natural to expect that if care is taken to exclude non-measurable 
solutions of (8.1.1) as well as projections, T(^) will have the form exp (fA) where 
A is an operator on 3£ to itself and the definite interpretation of the expo- 
nential function is left open for the time being. In analogy with the classical 
case of continuous groups, we shall refer to A as the infinitesimal generator of ©. 

These expectations are fulfilled to some extent at least. If 2 = (0, 00 ) and 

159 
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T(f) is bounded and measurable in the uniform or in the strong sense in (0, ), 

then T{^) is also continuous in the same sense for 0 < ^ < co, but T(^) does not 
necessarily tend to a limit when ^ 0. If limt-^o T{^) exists it has to be an idem- 

potent, that is, a projection operator which, for the purposes of the present dis- 
cussion, we may assume to be the identical transformation. If liiTL^v_f, 7\^) == /, 
we have two sharply differentiated cases according as the limit exists in the unijorm 
or in the strong sense. These two cases are referred fco hereinafter as the uniform 
and the strong cases respectively. The uniform case shows close analogy with 
the classical situation: an infinitesimal generator A exists, A 6 ©(X), and == 
exp where the exponential function is interpreted as in Chapter V, Since 
exp (fA) is well defined for all complex f and satisfies (S.l .1), we see that 3 may 
he embedded in the analytical group ® = {exp }. 

Save for the existence of a unique infinitesimal generator ^1, none of this holds 
in the strong case. A is now an unbounded linear transformation whose domain 
is merely dense in X and the symbol exp {^A) must be redefined. Several new 
interpretations will be given. The function T{^) is strongly continuous but 
usually not differentiable, much less analytic; if T{^) can be extended to the 
complex plane as an analytic function, the extension T{ff} defines an analytic: 
semi-group whose parameter set N is a proper complex semi-module, that is, a 
subset of a half-plane and never the whole plane. The case in which T{^) docs 
not tend to a limit when ? — > 0 agrees in most respects with the strong case and 
may be handled with the same methods. 

Both cases present themselves in the applications, but the strong case is by 
far the most interesting to the analyst. It offers more difficult problems and 
calls for more refined analysis, but the resulting theory is also richer and shows 
greater variety. 

8.2. Orientation. The present chapter is devoted to the uniform case and 
related questions. In the uniform case the underlying space 1 plays no role and 
it is only the Banach algebra @(36) that matters. We can omit all reference to X 
and formulate the problem for an arbitrary complex Banach algebra Hi: 

Problem A. Determine all measurable functions /(?) on (0, to Hi such tluff 
for all and in (0, co) 

/fe + 6) = /(&)/(^2). 

This problem, however, is capable of further generalization in several different 
directions. We list three such exi;ensions. 

Problem B. Determine all functions F{x) on a complex Banach space 3; to a 
complex Banach algebra which are measurable on rays ayid satisfy 

(8-2.2) F(x + y) ^ F{x)F{y) 

for all X and y in a given cone. 
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These functional equations have the nature of addition theorems and the two 
remaining problems generalize this feature of the question. If G{a, 0) is a given 
analytic function of two complex variables and u, v are elements of a Banach 
sjnnbol G{u, v) is to be interpreted as in section 5.17, that is, as a 
principal extension. 

Problem C. Determine all measurable functions f{0) on real numbers to a 
Banach algebra 93 such that 

(8-2-3) /fe + l2) = (?[/(?i),/fe)] 

for all , ^2 and in some interval (0, oj). 

Problem D. Determine all functions F{x) on a complex Banach space H to a 
complex Banach algebra 93 which are measurable on rays and satisfy 

(8.2.4) Fix + y) = G[F{x),F(y)] 

for all X, y and x + y in some sector. 

Here are four problems of increasing generality all of which will be partly 
solved in the present chapter. It turns out that measurability with respect to 
a positive scalar variable ^ implies continuity for ^ > 0 but not the existence of a 
limit when ^ > 0. In the present chapter we separate and determine the solu- 
tions which are continuous at the origin, ^ = 0 ov x — d; they are holomorphic 
functions of ^ and analytic functions of x respectively. Problems A and C are 
treated in some detail; Problems B and D, which can be reduced to A and C 
respectively, are discussed quite briefly. 

Problem A has been in the literature in one form or another since 1935 when 
D. S. Nathan made an attack on equation (8.1.1). He considered a group (or 
group germ) of linear transformations T(0} . No mention is made of the uniform 
topology, only strong continuity is assumed explicitly, but his additional assump- 
tion that i| + ^ 2 ) 7 II ^ ^ < 1 for and ^2 in some interval induces uni- 

form continuity. The question was reopened from the point of view of Banach 
algebras l)y ]\L Nagumo and K. Yosida in 1936. An independent discussion 
has been given by N. Dunford (1942, unpublished) . 

No study seems to have been made of Problem B though Theorem 5.18.1 
must have l)een known to anybody who gave the question a passing thought. 
Problems C and D have been discussed by Dunford and Hille (abstract 1944) . 

The chapter is divided into four paragraphs, one for each problem. Refer- 
ences are listed below. 

References. Dunford and Hille [1], Nagumo [1], Nathan [1], Yosida [1]. 
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1. Problem A 

8.3. Measurability implies continuity. In the following we discuss the 
measurable solutions of Problem A. All such solutions which are defined for 
^ > 0 are also continuous, but they separate into two classes according as they 
are also continuous for f = 0 or not. Solutions of the first class are analytic and 
are actually entire functions of Solutions of the second class are much more 
varied and do not differ essentially from the solutions of the strong problem 
mentioned in section 8.1. The further analysis of this class will therefore be 
postponed to Chapter IX. 

Theorem 8.3.1. Let ^ be a real or complex Banach algebra which need not have 
a unit element. Let /(0 he an everywhere defined measurable function on the interval 
(0, oo) /o S siich that for 0 < , ^2 < ^ 

(8.3.1) /(a + ?2) =/(fl)/(^2). 

Then /(^) is continuous for all positive values of 

Remark. Measurability is taken in the strong sense . It may of course be replaced by the 
equivalent condition that /(^) is weakly measurable and almost separately valued. It 
hould be noted that if 33 = then/(^) is assumed to be uniformly measurable in th(‘ 

®ense of Definition 3.3.2 (1). 
s 

Proof, Since /(^) is everywhere defined and strongly measurable, \\ f(^) || 
is finite and measurable in the sense of Lebesgue. From (8.3.1) we get the basic 
inequality 

(8.3.2) log II /(^i Hh ?=) II g log \\m II + log II m II , 

so that log 1 1 /(?) 1 1 is a measurable subadditive function of ^ in 1+ = (0, ) 

and log II /(b II 5^ +<». By Theorem G.4.1, log ]|/(|) || is bounded above in 
any interval (e, 1/e). Hence j[/(?) || is a bounded measurable function in any 
such interval. Choose three numbers a, p, ^ such that 0 < a < jU <C f. Then 

[ M — v)f{v) dr) 


exists as a (B) -integral since the integrand is a bounded measurable function 
of rj. By (8.3.1) the value of the integral is simply (fi — a)f{^). For small 
values of e 

(P — «)[/(? -f e) — /(?)] = f [/($ -b € — ■»;) — /(^ — ■>))]/(’?) drj, 

^ a. 


(P 


l|/(f + e) - M) II g M \\f(r+ e)- f(r) || 


dr, 


whence 
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where M = sup 11/(7?) \\ ior a ^ rj ^ p. By Theorem 3.6.3 the right member 
tends to zero with e. It follows that /(f) is continuous for every f > 0 and the 
theorem is proved. 

The result of this theorem is essentially the best of its kind. Thus the assump- 
tion that /(f) is continuous for f > 0 does not imply the existence of lim^_o/(f) 
or that /(f) is differentiable for f > 0 or satisfies a Lipschitz condition of pre- 
scribed order or, finally, that /(f) is the boundary-value of a holomorphic func- 
tion. All these plausible extensions are disproved by the following counter 
example. 

We take ® = (S{L2(-“7r, tt)}, that is, the Banach algebra of linear bounded 
transformation on the space L%( — Tr, t) to itself with the customary metric. 
The transformations T(^) which takes x(i) ~ into 

(8.3.3) x^{t) a;o + X]' I n 1”^ exp [sgn Xn 

is clearly an element of (S{Z/2(-~7r, x)} which satisfies (8.3.1) for f > 0. Here 
II T(f) II ^ 1 and 

II Ti^ + <5) — T(f) II = sup |2xS |?'r^ exp [e^'id] — 1 \“[\xn f + | x^n |“]| 

for I P ^ 1 • Consider now the function 

(p(u; f, 5 ) = vT^ I vT^ exp (e\5) — 1 | 
for 1 ^ w, 0 ^ f, 0 < 5 g 0.1. If ^ log ( 1 / 8 ) then 

^(^; f, 5) < 2[log (l/6)rl 

Further 

^(log(l/5); i,d)>i [log(l/5)r^ 

and when 1 g m < log (1/3) we have <piu-, 3) < u~^ e“S. Here the right-hand 
member is concave upwards in the interval; it consequently does not exceed the 
larger of c3 and [log(l/3)]~^ These estimates show that 

(8.3.4) Mlog(l/5)]“* g II m + S) - m) II < 2 [log(l/3)]“^ 

h'rom this inequality one sees that T(^) is continuous in the unifoim topology 
for ^ > 0 and does not satisfy any Lipschitz condition. If TiQ had a uniform 
limit when ? 0, it would have to be the identity which is the limit of T(^) in 

the strong topology. But (8.3.4) holds also when ^ = 0, !r(0) = /, and shows 
that the uniform limit does not exist. The estimates also show that T(^) cannot 
be differentiable as this would call for a Lipschitz condition of order one. We 
note finally that TiO is the sum of two orthogonal transformations Tii^) and 
where T 2 (?)[a^] is obtained by restricting n to negative values m (8.3.3). 
It is a simple matter to show that 3'i(^) and T^i^) are analytic functions of f in 
the upper and the lower half-planes of the complex plane respectively. h< either 
is holomorphic on the real axis as may be shown by proving estimates analogous 
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to (8.3.4) for ||T/, i irj) — Ti, (f)|[. It follows that Ti^) cannot define the 
boundary values of an analytic function on any interval of the positive real axis. 

This example may be varied so that different moduli of continuity result. It 
is also possible to make 1 1 T(^) 1 1 = + oo . Examples of the latter type 

are to bo found in Chapter XVII (see Theorem 17.5.3). 

At this point wc have the choice of elaborating the theory of equation (8.3.1) without 
further assumptions on /(^) or singling out solutions with special properties. The first 
alternative leads to a theory not essentially different from that presented in Chapters IX 
and XI below in the so-called strong case. Wc have merely to interpret /(|) as a linear 
operator acting on a suitably chosen (B) -space This may be taken as S3 itself, the opera- 
tion being left-hand multiplication of x by /(^). The measurability assumptions on /(^) 
as an element of SB will then imply strong measurability of the operator /(^) and the results 
of the “strong” theory apply. The problem of constructing solutions of (8.3.1) which are 
uniformly continuous for ^ > 0 (but not for ^ ~ 0) will be considered briefly in Chapter 
XII (see section 12.4) . 

8.4. The exponential solutions. The only case in which an essentially different 
theory results is that in which 

(8.4.1) lim /(?) = j 

t-*o 

exists. We can either assume (8.4.1) outright or else introduce the assumption 
indirectly in an equivalent form. Both alternatives will be used in the following. 

Theorem 8.4.1. ///(?) is defined for | > 0 and satisfies (8.3.1) and (8.4.1) 
then j is an idempotent of 58 and 

m = jm = fm 

Further f{^) is continuous for ^ ^ Oif /(O) = j by definition. 

Proof. That j is an idempotent follows from the relation 
j = lim M +v) = lim mfiv) = f. 

Formula (8.4.1) implies that /(?) is bounded for small | > 0 and from this it 
follows that to every w, co > 0, there is a finite i¥(w) such that || /(f) || g ¥(«) 
for 0 S f ^ w. Put 


lim/(f + ^) = //(f) = /(f)/ s ( 7 (f). 

Here the limit exists uniformly with respect to f in [ 0 , w]. It is clear that ( 7 (f) 
satisfies (8.3.1) for f ^ 0 and that gi^) = jgiO = (/(f)/, giO) = /. This implies 
that (/(f) is right continuous for f ^ 0. It is, a fortiori, measurable and hence 
continuous by Theorem 8.3.1. We have then for0<f— ijgf, Ogijg 5 (€), 

ll/(? + v)- /(f) II ^ i|/(f +v) ~ gm II + Ii/(f) - (/(f - ^) II 
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SO that j(J) is continuous and/(^) = //(f). This completes the proof. lfj=6 
we see that /(f) = 0, 


Tp3E(niKM 8.4,2. Under the assitmplions of the preceding theorem there exists 
an clem rut a of Si sneh that a ~ ja == of and 

(8.4.2) m = y + I: l! a". 

n^.l 71 ! 

Till’ m'u’t; i/i absoluiely convergent for all real {complex) values of ^ and satisfies 
(8.3.1) for all such values. 

Proof. We know that f = j and /(|) = jf{^) = f{^)j for all ^ > 0. Let us 
introc]uc(! the subalgebra S3o = j33j in which j plays the role of unit element. 
Conversely, 33o contains every x such that jx = xj = a; and from this one con- 
cludes readily that SJo is closed. We have obviously fifi) 6 93o for all f > 0. Since 
/(f) —^3 when f 0, there is a 5 > 0 such that || /te) — / || < 1 for 0 < f < 5. 
For such values of f wc define 

/( - f) = / + £ [/ - /(f)]”, 

1 

so that /(f)/(“-f) = /(~-f)/(f) = j = /(O). Thus /(-f) is the inverse of /(f) 
in S3o . It is clear that f{‘-^)f{-'v) is the inverse of /(f + rj) for 0 < f, t;, 
f + ^ < 5, so that/(~f 7?) - f(-m-v) == /(-”^)/(-^). Using (8.3.1) 
we can then define /(f) for all negative values of f and the extension is easily 
shown to be unique. The inverse of x in 93o lies in 33o and is a continuous func- 
tion of x; hence the extension lies in 23o and is a continuous function of f. 

Since is closed and /(f) is continuous, the integral /f /(r) dr exists for finite 
values of a, P and is an clement of S3o. Further 

lim —i — f f(r) dr = /(a) 

P -- a Ja 

for all values of a. Since /(a) has an inverse in ©o , it follows that /f /(r) dr 
has an inverse for small values of P a. Now 

f /(? + dr - f /(r) dr = [/(f) - /] f fir) dr 
J Cl '7 (X *7 cc 


which gives 




dr 


//(f) 


/] jjir) 


dr. 


Here we choose p so near to a that the integral on the right has an inverse in 
©0 whence 


(8.4.3) 


i we ~i\- dr - *}{/Vw *}■'. 
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When f 0 the right side tends to a limit since the first factor tends to/(/5) /(a) . 

It follows that 

(8.4.4) lim i [/(^) - j] s C5 

{-*0 i 

exists and is an element of SJo. Hence we have for all real a, /? 

m - /(«) = « f^f(r) dr 

o a 

and, in particular, 

(8.4.5) /(^) = j a f f{r) dr 

for all real values of f . By iterated substitution one obtains 

/(£) - i + ^ . + I «' + ■ ■ ■ + £ a* + 1 {' ({ - .)• /M dr. 

Letting > oo we obtain formula (8.4.2). 

If S is a complex Banach algebra, we see that the series defines a holomorphic 
function so that /(^) is an entire function of f A simple computation shows 
that/(^) satisfies (8.3.1) for all complex values of f. 

The main points in the preceding proof are due to N. Dunford (unpu})lished). 
Formula (8.4.3), which is the crucial point of the proof, may also be used to prove 
the result under apparently weaker assumptions. We shall give a couple of such 
theorems. 

Theorem 8.4.3. Let f(^) be a solution of (8.3.1) defined for f > 0 which is 
measitrable and [B)4ntegTahle in every finite interval (0, 6,). If 



exists, then j is an idempotent, the limit in (8.4.4) exists, and J{^) is given by for- 
mula (8.4.2). 

Proof. By Theorem 8.3.1, /(^) is continuous for f > 0. We have 

M) - f fir) dr =- ffir + ^) dr. 

7} *^0 tf Jq 

When 17 — > 0, the left side tends to/(J)j, the right to /(^). Hence /(?) = /($)) = 
,?/(0 for ^ > 0. Further 

ff(.r) dr = i ffir) dr 
? *^0 ^ Jo 

and in the limit this gives f = j\ 
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We consider the closed subalgebra 95o = j^j again and note that /o /(r) dr 
^ an element of iQo which has an inverse for sufficiently small values of /3. 
From this we conclude that (8.4.3) holds for a = 0 and small values of so that 
the proof can be continued as above. 

Assumption (8.4.1) may be introduced in a still more indirect manner. The 
following theorem is an example of such a procedure; it may be regarded as a 
generalization of the theorem of D. S. Nathan mentioned in section 8.2. 

Theorem 8.4.4. Let SQ be a real or complex Banach algebra of which 23o cl 
closed suhalgebra and let 33o have a unit element j. Letf{^) be a measurable function 
on the interval (0, co) to which satisfies (8.3.1) for 0 < ^ cmd let 

there exist a ^0 such that f{^f) has an inverse in So . Then there exists an element a 
of iQo such that f{^) is given by formula (8.4.2). 

Remark. The assumption that /(^o) has an inverse in 35o may be replaced by 
lli(fo) — j jj^ < 1. By Theorem 5.2.1 this implies the existence of the inverse, 
however. I he basic assumption of D. S. Nathan was of this character. 

Proof. By Theorem 8.3.1, /(|) is continuous for ? > 0. If 0 < f 
we have 

Rio) = RMio - ?) = /(fo - m) 

whence it follows that /(f) also has an inverse in 53o . Since /(rifo) = [/(?o)J'' 
has an inverse for each positive integer n, it follows that /(f) has an inverse in 
S3o for all f > 0. 

From this point on, the proof proceeds as in the case of Theorem 8.4.2. We 
establish formula (8.4,3) for 0 < a < jS; this does not require advance knowledge 
of the existence of Iimf_o/(f). From (8.4.3) we conclude that this limit actually 
exists and equals j and that the limit in (8.4.4) exists. The validity of (8.4.2) 
is then obvious. 

In conclusion it should be observed that the real difficulties in discussing the 
functional equation (8.3.1) are associated with the interval (0, 00 ). If the func- 
tion /(f) is supposed to satisfy this equation for all real values of f, then the 
assumption that /(f) is measurable in an interval (—5, 5) is enough to force /(f) 
to be of the form given by (8.4.2). A solution defined on (0, co) is only excep- 
tionally of this form, however, and this is the reason why we have to impose 
fairly severe restrictions on /(f) in order to single out these solutions. * 


2. Problem B 

8.5. Solutions on Banach spaces. We shall extend the results of the preceding 
paragraph to functions on a Banach space X to a Banach algebra 93. Here it is 
desired to solve the functional equation 



168 


FUNCTIONAL ANALYSIS AND SEMI-GROUPS 


[§2 


(8.5.1) Fix + y) = F{x)F{y) - F{y)F{x) 

imposing as few a priori conditions on F{x) as possible. It is clearly desirable 
that the domain of definition S) of F{x) should have the property of containing 
X + y whenever x and y are contained; in other words S) should be a semi- 
module in X. But in a (B) -space we have also scalar multiplication and in order 
to apply the results previously obtained we have to bring the scalars into play. 
It is convenient to assume that ax € S for all a > 0 whenever x T:. This 
leads to 

Definition 8.5.1. A set Si of 3: is called an open {a finitely open) positive cone 
if (i) ^ is an open set {a finitely open set in the sense of Definition 4.3.1) and (ii) 

y € o: > 0 implies x + 2/, 

If Fix) is defined on Si and satisfies (8.5.1) there, then for fixed j the 
function Fi^x) is defined for ^ > 0 and satisfies (8.3.1). 

Theorem 8.5.1. Let Fix) be defined on a finitely open positive cone ,5? ayid satisfy 
( 8 . 5 . 1 ) for x^y € Suppose that for every fixed x 6 Fi^x) is a measurable 
function of ^ (0, co). If 3£(n) is any finite-dimensional linear subspace of i*, 

tJmi Fix) is continuous on 3£(n) H j?. In particular ^ ifi^ is itself finite-dimensional^ 
then Fix) is continuous on 

Proof. The following simple proof is due to C. E. Rickart; it replaces an 
elaborate argument of the author^s. Suppose that .^(n) is an n-dimensional 
linear subspace of 3£ and that xi^ • ‘ ^ Xn siren linearly independent vectors in 
Xfw) n j?. Then the set consisting of all vectors of the form x = + — • + 

|„x„ with > 0 , •••,?„> 0 is in Xc„) 0 f . Let + • • ■ + f 

be a fixed point of . It is desired to show that Fix) is continuous in tf « at Xq . 
By Theorem 8.3.1, for each i, Fi^ixf) is a continuous function of for > 0. 
Observe also that if 4 - . . . -f- , then lim/i_oo == x'^^^ is 

equivalent to limjL_,oo i = 1, ■ • • , ?z. Moreover Vi a continu- 

ous function of (yi , • • • , yn) for yi 6 Since 

••• inXf) — IIi^(fia:i), 

it follows that the left member is a continuous function of (^i , • • • , for f .• > 0. 
Therefore F(x) is continuous in at xo . Every point x in Sc„) D .1? being inte- 
rior to a suitably chosen set , F(x) is continuous everywhere in X(n) 0 ,il‘ and 
the theorem is proved. 

This theorem does not seem capable of much improvement. In particular, 
we cannot expect F(x) to be continuous in i?. Thus if 93 has a unit element and 
P(x) is a linear function on 3£ to 93, then exp [PC.-!:)] satisfies (8.5.1) for all x and 
exp [P(^a;)] = exp KP(a;)] is an entire function of but exp [P{x)] is not nece.s- 
sar% a continuous function of x since P(,x) does not have to be continuous. It 
is also clear that in general lim{_oP(?a;) need not exist for any x 7 ^ d. We can 
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get, somewhat iurther, however, by assuming the existence of the latter limit. 

IhiEOREM 8.5.2. Let F{x) he defined and satisfy (8.5.1) for a; 6 S where f is 
now an open positive cone. If 

(8.5.2) WmFi^x) 

exisLs fo'i all x in , then the limit is an idempotent j of iQ, independent of x, and 
there exists a function P(x) such that P(x) = jP(x) = P{x)j and 

( 8 - 5 - 3 ) = 3 + jz \[Pix)T. 

n=i n ! 

Here P{x) may he defined for all x in 'Sc as an additive j real-homogeneous Junction 
which is cotUinuous if and only if the limit in (8.5.2) exists uniformly vnth respect 
to X m some sphere. 

Proof. By virtue of Theorem 8.4,2 

= j{x) + Z lP{oc)T, a; € S, 

where = j{x) and P{x) ~ 3 Xx)P{x) = P(x)j{x). We have first to show 

that j (x) is independent of x. From 

F{ax)F{fy) = F{^y)F{ax) = F{ax + ^y), a, ^ > 0, 

we get by letting a — > 0 

j{x)F(Py) = F(fy)j(x) = F(fy) 

whence by letting ;3 — » 0 


= j(y)j(x) = j(y). 

Reversing the order of the limiting processes we get j(,x)j{y) = j(x) so that 
j(x) = jiy) = j. 

It remains to determine the properties of P{x). Using the identity 
+ y)) = F{^x)F{^y), substituting the power series in and equating 
coefficients of the first power of we get Pix y) = P{x) + P{y). We liave 
also Pi^x) = ^P{x) for | > 0. If j? is not the whole space, P{x) may be extended 
from fi to X as an additive, real-homogeneous function. Since is supposed to 
be open we can find a closed sphere 1 1 a; — a;o 1 1 g p which belongs to Jiy ^ ^ 

we can express y uniquely as y = a{x — xo) where || a; — aio || = p and a > 0. 
We then define P{y) = a[P(a;) — P(.To)]. It may be shoTO that P(ayi -f- py^) = 
otP{yi) + pPiyf) for all 2 / 1 , 2/2 and real a, p, that the new definition of PC//) 
agrees with the old one in and finally that the extension is independent of the 
choice of a:o and p. It is clear that the series (8.5.3) satisfies the functional equa- 
tion for all values of x and y. 
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Suppose now that P(x) is continuous so that || P{x) \\ S M \\x\\ . Wo have 
then II F(^x) - j || ^ exp [^M || a; ||] - 1 for f > 0; consequently the limit in 
(8.5.2) exists uniformly with respect to x in any finite sphere. Suppose con- 
versely that the limit exists uniformly with respect to x in the sphere 
®:\\x — xq\\ < p. We can then find a fixed 0 such that for every rr 6 © we 
have \\F(tx) - j \\ ^ h 0 < t S 0, and consequently also 



We can then apply formula (8.4.3) obtaining 



the norm of which does not exceed ( 1/2/3) [j | j 1 1 + 1] in ©. P(x) being additive, 
real-homogeneous and bounded in a sphere is consequently bounded and hence 
continuous. This completes the proof of the theorem. 

If 35 is a real (B) -space, then P{x)y being additive and real-homogeneous, is 
actually linear, but this is no longer necessarily the case for complex (15) -spaces. 
In such a space there are always solutions of (8.5.1) defined and continuous for 
all X which are nowhere analytic in x. This occurs even in the simplest case 
^ ^ where F{f) = exp [af + P7j)]j f = f + iVi oi and (3 arbitrary com- 

plex numbers, defines a solution of F(^i)F(^z) = F(fi + ^ 2 ) which is clearly con- 
tinuous but not analytic in f unless /3 = ai. 


3. Peoblkm C 

8.6. Addition theorems. The functional equations studied in the pre- 
ceding paragraphs are addition formulas. Classical analysis presents us with 
a large number of such formulas and it is natural to ask if other addition theorems 
than that of the exponential function may be subjected to abstract analysis. 
This general question has been attacked by Nelson Dimford and the present 
writer; a brief account of the main results will be given in the remainder of 
this chapter. 

In the present account we restrict ourselves to the ease of a single function 
and an addition formula of the foim 

( 8 . 6 . 1 ) m + ^ 2 ) - Gmi\ /(&)], 

where 0{a, 0) is an analytic function of a and /3 such that G(a, 0) = G{(3, a), 
•In classical analysis G{a, is ordinarily supposed to be a rational or an alge- 
braic function. We shall not make this assumption as it does not lead to any 
simplification of the, essentially local, problem which we are considering. 
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Classical function theory is concerned with the existence and properties of 
numerically-valued solutions of functional equations of the type represented 
by (8.6.1). The problem still has a meaning for vector-valued functions; wo 
have merely to interpret the right-hand side of (8.6.1) properly and section 6.17 
shows how this should be done. 

Let 33 be a complex Banach algebra with unit element c. Let G{a, be a 
symmetric analytic function of a and which is holomorphic if both variables 
are in a certain domain A of the complex plane. Let u and t;’be two commuting 
elements of 33 whose spectra are located in A; more precisely, u and v shall belong 
to the domain 3)(A) of Theorem 5. 17.3. We then define 

(8.6.2) (Kh, v) = (?(«, v) da dfi, 

where r„ and are oriented envelopes of tr(«) and aiv) in A. 

Suppose now that /(^) is a function on real numbers to 93 such that for, all € 
under consideration = /(? 2 )/(Ci) ^.nd /(^) € ®(Ao) where Ao is an ar- 
bitrary domain such that Ao C A. Then by definition . 

( 8 . 6 . 3 ) (m^), ./■(&)] = 

where I’l and Ti. are fixed envelopes of Ao in A. 

We shall extend Theorem 8.3.1 to the solutions of Problem C. To this end 
it is convenient to assume that Giu, v) is uniformly continuous on the range of 
/(?) . The most natural assumption is a Lipschitz condition of order one. Such 
a condition is automatically satisfied, for instance, if G{a, /3) is an entire funetidn 
and /(I) is bounded, or if /(^) is restricted to a closed set interior to the domain 
3)a of Theorem 5.17.1, or, finally, if the values of /(?) belong to a compact subset 
of ®(A). ' ■ 

Theokem 8.6.1. LcL /(?) be a measurable function of ^ on the open interval 
(0, w) to 93 satisfying (8.6.1) for all and in the interval and such ihatfiQ and 
fib) commute. Let Si. denote the range of fib) for 0 < e < ^ < where 9i. is 
bounded and 91. C SD(A.), A. C A. Suppose that for every e,0 <e <oi, thrire ^s 
a finite positive M, such that for Ui,Ut,v in 91. 

(8.6.4) II Giui , v) — Giih , v) II ^ II “ “2 !!• 

Then fib i(< continuous fn (0, u). 

Proof. Let 0 <a^i/^/ 3 <^<wand note that 
fib = Gim - rt), fib], 

whence 

(/3 - a}fib = f G[fi^ - v), fib] <h 

a 


and 
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(j8 — a) 11/(1 + e) - /(^) II 

S f ^ II Om + «-’?), /(>?)] - ^[/(^ - >7). /Wl II 

Ja 

If 3 = min (a, ^ ^ — i3), then the right mem])er is dominated l\y 

M, \\m + e-^)- m -n)\\(h = M, II /(r + «) - /(r) || dr, 

which tends to xiero witli € since /(?) is bounded and measurable. Hence J{i) 
is actually continuous in (0, cS). 

In passing let us note that the requirement that /(fi) and/fe) shall commute 
is frequently implied by the functional equation and need not be assumed 
explicitly. 

The counter example of section 8.3 shows that we cannot expect f{^) to ap- 
proach a limit when f 0 or to have any stronger properties of continuity in 
(0, 6/). The situation is entirely different if /(f) satisfies (8.6.1) in an interval 
containing f = 0 or is supposed to tend to a finite limit when f 0. We shall 
consider the latter case in some detail. If ]inu_*n/(€) exists and equals an 
element a of ®(A), then 

iim/(f + €) = lim (}[m, = Crim. (A 

exists for 0 < f < oj. From the fact that /(f) has a right-hand limit every- 
where, it follows that /(f) is right-hand continuous (even continuous) except 
possibly in a countable set. Since /(f) in particular is measurable, it has to 
be continuous everywhere in (0, w). 


8.7* Holomorpfaic solutions. Just as in the ca»so of Problem A, continuity at 
the origin implies anal^dlcity. We set 

OM 0)^1- G(a, P), 


Q(a, 0 7) 


G(a, 7) - (r (0 7) 

a p 


a, A 7 € A. 


The latter is evidently a holomorpliic function of a, .d, 7 in A. We can then define 
Q{u, Vy w) for Uy Vy w in 5D(A) the obvious triple resolvent integral, assuming 
Uy Vy w to commute, and 

(8.7.1) Qilf^y Vy w){u — v) = G{tly W) — G{Vy w). 


Lemma 8.7.1. ///(f) 6 ®(A), if /(f) is conlitmous Jor {) S ^ S 03 and 0 ^ 
rf) f ^ uniformly with respect to f 


limQ[/(f)J(^),/(r)] = 
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Proof. Firtst note that since /© is continuous in [0, w], the range of /(f) is 
a closed connected compact set 9^ C T)(A). If = U <t{x), x 6 9t, then is 
a closed subset of A and if P is an oriented envelope of <I> in A, then R[a'y /(f)] 
is a continuous function of (a, f) for a 6 P, 0 ^ f ^ oj. There is consequently 
a finite positive M = ilf(P) such that 

(8.7.2) II i^[a;/(f)] li g il/(r), c. 6 P, 0 ^ f g cu. 

Further 

]imR[a;m]==R[a;f(r))] 

uniformly with respect to a on P. It follows that uniformly in 0 ^ f ^ cu 
lim QIM), f(v), /(f)] 

-.ULLi Q(«, iS. 7)-R[«; /('>?)] f(.v)]R[y, /(f)] da dfi dy 


- V- / / / «”■ ft Uh:m) .ir 

87^*’^ Jr Ir Jr a — p 

= A-. J f d^ dyRlr, /(f)] I / 

STrnJriJri (Jr 


a — P 

- Blft /(,)1 / 

Jr a — p 

Here r and I’l are oriented envelopes of $ in A and Ti is interior to r. Now 


da )' . 


I 


Q («, /3, y) 

a — p 


da — 27riQ{Pj P, y) 


= 2«C?i(/3, y), 


so 


lim QIM), Jiv), /(f)] = - A f [ Gi(A y)Rlfi-, finMly; /(f)] dfi dy + U 
= (?if/(»,/(f)] + U. 


Here 


U 


L. 

8ir®i 


1 

8irH 


f f d^ dyR[y ; /(f)] [ 72[«; f(r,)] da 

Jvi Jti •^r a -- P 

f dyR[y;f(^)] f daR[a;f(v)] f -’ - J- dp. 

JTi •^r a — p 


But for a € r the last integral is zero so U = 6. This completes the proof of 
the lemma. 

We shall now prove that continuity of a solution at f = 0 implies the existence 
of derivatives of all orders. We give the proof under the added assumption 
that GilfiO), /(O)] has an inverse. This assumption has the effect of cutting out 
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solutions involving other idempotents than e. It would be sufficient, however, 
to assume the existence of the inverse in the subalgebra determined by /(g). 
It is tacitly assumed in the following that this algebra is commutative. 


Theorem 8.7.1. If /(g), having values in ®(A), is a co7itinuous solution of 
(8.6.1) /or 0 ^ g g CO and if Gif/(0), /(O)] has an inverse in S, then /(g) has deriva- 
tives of all orders and 

(8.7.3) f(g) - Gi[/(0),/(g)]/'(0). 

If ^(g) is a7iy solution of (8.G.1) which is continuous in [0, co] and commutes with 
/(g) and if gm = /(O), (/'(O) = f(0), then ^/(g) ^ /(g). 

Proof. From the contour integral definition of Gi[/(0), /(f)] vve see that it 
is continuous in f and hence 

lim- fGi[/(0),/(r)]c?r = ft[/(0), /(O)]. 

ct-*0 OL Jo 


Thus we may fix a < co so the integral on the left has an inverse in SJ. From 
Lemma 8.7.1 we have 

lira i f“ Q\m, m, m\ dt = - r G^m, m e 

j-to ci Jq a Jq 

Hence 

(8.7.4) limj- f Qim,m, lit)] df\ ‘ rGtim,m\d^ \ 

[a Jq ) [a Jq J 

By formula (8.7.1) we have 

(8.7.5) [/(g) - f(v)]Qm)j(v)j(^)] = (?[/(?), /(f)] ~ o[f(v):fm 


whence 


^ [/(I) - /(o)] - r Qim, m, mi dt 

£ ot Jo 


(8.7.6) 


= {(nm,m\ - Gumjim dt 

f J(r) dr — f /(t) dX — > - [/(a) - /(O)] 
J a Jq ] a 


I 

ag 


as g 0. Thus (8.7.4) and (8.7.6) give the existence of 

lim I [f{£) - /(())] = (1 f “ GdfiO), /(f)] dX~' i Ifia) - /(())] 

t [a Jq ) a 

so /(g) is differentiable at g = 0. Appl 3 nng the lemma once more we have 
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-i/(? + v)- m] = - {G\fin),m] - Cr\m,fm] 

V ^ 

= i [fiv) - /(o)] Q[f{v),m),m] -^/'(o) (?i[/(o) j(^)] 

V 

uniformly for 0 ^ g w. This establishes formula (87.3). That the two 
factors in the derivative commute follows from the fact that the factors on the 
left in formula (8.7.5) commute. 

Once the existence of the first derivative has been established, that of the 
higher derivatives follows by easy steps. It is enough to indicate the argument 
for the second derivative. We have 

(8.7.7) /'({) = /'(O) Gi(a, /3)7i[a; /(OMlfi; /(?)] dad^. 

Now when rj 0 

+ r,)] - RIP-, am ~> ~ri^){R[P;m]}\ 

v 

where we have used formula (5.5.2) and the fact that /'({) commutes with 
^[ 7 ; /(f)] which is obvious from (8.77). Here the limit exists uniformly with 
respect to IS on T. Hence 

no = -rm'io 1 1 oiCa, .mum /m' da dp 

and a contour integral argument of familiar type shows that this expression 
equals 

rmi'miMio), mi 


where 


<"n,i(a, /3) 


da dd 


G(a, p) 


and 6*1, i(u, v) is defined by the usual contour integral for u, v ^ ®(A). Wc 
,sce in particular that 

.rm = [/' (o)]^i?u[/(o), /(o)] 

and hence is uniquely determined by /(O) and /'(O). Similarly it is shown that 
all higher derivatives exist and are uniquely determined by /(O) and f(0). 

There is consequently a formal power series in 5 associated with f(0 deter- 
mined by the initial values /(O) and f'(0). We shall not attempt to prove the 
convergence of this series by direct estimates. In the most important case 
considered below the convergence follows from other considerations. 


8.8. Uniqueness of the solution. The uniqueness assertion of Theorem 
8.7.1 still remains to be proved. Here we shall use the Lipschitz condition of 
Theorem 8.6.1 which is easily verified in the present situation. 
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Suppose that g{^) is continuous in [0, co], has values in !3)(A) and commutes 
with /(??). From the integral representation of the function Q[/(f), g(^), /(?;)] 
combined with ( 8 . 7 . 2 ), we see that there is a finite K = /C(/, g) such that for 

||Q[/(f), (liO. mW ^ K. WQkKv). f(v). (7(s^)]|| g /c. 

Since 

om, Kv)] - om, m = Qim), im, /(r?)][/ci) - j/tt)], 

we have 

(8.8.1) II Gim, M] - om, m n ^ k n /(?) - gn) y 

and a similar inequality in which/, g and 77 are interchanged. 

We suppose now that /(^) and g{^) are continuous solutions of (8,6.1) and 
that/(0) = {/(0),/'(0) = f/(0). We know then that they have derivatives of 
all orders and that/ ^”^( 0 ) = f/^''^( 0 ) foralbt. Placing 7t(^) == /(^) — g(^) wc hav(i 

A($ + 77) = /(? + 77) — gQ -j- n) 

= Gim, f(v)] ~ f?fr/(f), g(v)] 

= Gmj(v)] - OM)J(v)] + O[g(0 JMl - %(f), g(v)l 

so from ( 8 . 8 . 1 ) 

II h(^ + 77) ii ^ K{\\m - f/te) II + ii/(^) - f/U) III = Kill im II + 11 Krj) II! 

w^hence 

||M2^)|| g 2K\\h{^) ||. 

By repeated use of this inec|uality we get 

(8.8.2) II h{^) II g (2Kr II II, m = 1, 2, 3, ^ ^ 

Now consider 

(hi^) = (l(^) - E (7‘'V0) 

and let 

MM = max ||( 75 ,’‘’(^) || = max i| - g^”\0) || 

in the interval [0, w], Sinee 

!7»(e) = f f" ‘T • • • df, 

Jo Jo Jo 

we have 

11 f/Jl) II ^ MM, 


0 g f ^ CO. 
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If Mn[(j] is replaced by the same inequality is satisfied by 

m = m - i:/“(o) i]. 

In the following Mn denotes the larger of the two quantities Mn[f] and Mn[g]^ 
It should be noted that the polynomial in ^ is the same in/n(J) as in gniO- 
From 

\\Hi)\\ = 11 /( 1 ) - r/(s)|| = WUO - ^ ||/.(?)|| + \\gnii)\\, 

we see that 

(8.8.3) l|7i(^) II g 2i-,i¥„. 

Combination of this estimate with (8,8.2) gives 

(8.8.4) 11 ;i(|) II ^ a>”(2^-"2D”*, 0 ^ g g CO, m, n = 1, 2, 3, • • •. 

Here we fix n so large that 2^~’'K < 1. Since m is independent of n and may be 
taken arbitrarily large, we see that h{() = 0 and so g(^) = /(|), 0 ^ ^ i co. 
This completes the proof of Theorem 8.7.1. 

Suppose now that ^(f) is an anal 3 d;ic scalar function such that (i) (p{^) is not 
a constant, (ii) ^(/) = E” convergent for | f | < p, (iii) ^(f) 6 A, and (iv) 

(8.8.5) + fa) = (?[ip(fi), ip(f 2 )] 

for I fi I, 1 fa I, 1 fi + fa 1 < P- Differentiating pit) = G[ip(f), ^o(O)] we get 
p'it) = ^'(f)<?i['p(f), ¥’(0)]; by (i) this implies that 

(?i[^(f), P(0)] = 1 

and, in particular, 

(8.8.6) ’ <ri[«5(0), (»(0)] = 1. 

Differentiating (8.8.5) by parts with respect to fi and putting H = 0 iii fhc 
result, one gets [cf. formula (8.7.3)] 

p'it) - ¥>'(0)G'i[ca(0), va(f)] 

whence p'iO) ^ 0. But if pit) satisfies the conditions stated above, so does 
^(ccf) for any value of a provided p be replaced by p/| a | . We can consequently 

normalize pit) by assuming (v) that ^>'(0) = 1. 

Suppose now that /(?) is a continuous, and hence differentiable, solution 
of (8.6.1) such that/(0) = ¥^(0)e,/'(0) = a. Then 

GiUiO), fiO)] = (?i[^»(0), ^’(0)]e = e 

and the existence of an inverse is trivial. On the other hand, the function 
« 5 (af) is defined by the series 
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0 

at least for | f | < p/ || a || and for such values of f we have also cr[<p(af)] = 
v^lfo-Ca)] 6 A since | (j{d) \ g || <3^ II* From the construction of the series and 
the properties mentioned, it follows that it satisfies (8.6.1) for | |, | f2 |, 

1 fi + r 2 1 < p/ II a ||. Further 95(6) = <p(0)c, (p'(0) = aia = a. As a corollary of 
Theorem 8.7.1 we then obtain 

Theoeem 8.8.1. Let (p{^) satisfy conditions (i) — (v) listed above and let f(^) 
be a coniimmis, and hence differentiable^ solution of (8.6.1) such that /(()) = 
(p{0)e,f(0) = a. Then 

/(J) - <p(a^) 

in the common interval of definition of the two functions. Thus /(f) admits of 
an extension to the complex ^-plane, satisfying (8.6.1), and this extension, if defined 
by fit) = <p(o>f), is holomorphic in some neighborhood of f = 0. 

We sum up the main results of our study of Problem C in 

Theorem 8.8.2. If the addition formula 

fih + ^2) = Grlfi^i)) fih)\ 

is known to have an analytic scalar solution (p(f), holomorphic in some neighborhood 
of ^ — 0, if (pit) is not a constant and has values in a domain A where Gia, 0) is 
holomorphic, then the formula has solutions having values in an arbitrary prescribed 
complex Banach algebra with unit eleme7it a. If fi£) is such a solution defined and 
continuous for 0 g f g w, if fi^) 6 3)(A) andfiO) = (pi0)e, then /(f) is not merely 
differentiable but actually aiialylic and in some neighborhood 0 / f = 0 we have 
fil) = ^iat) where a = f'iO). 

For the validity of our argument and even of the conclusions it is quite essen- 
tial that 95(0) belongs to the domain of holomorphism of Gia, /3). This excludes 
from consideration some important addition theorems, for instance, those of 
cosf and cos am f, where 95(0) belongs to a singular manifold of Gia, (S). In 
these cases it is preferable to replace the given addition theorem by a pair^,)f 
addition theorems for the function and its first derivative. The discussion of 
such and more general systems, we defer to another occasion. 


4, Problem D 

8.9* Solutions in G-power series. We shall restrict ourselves to a fairly 
simple special case of Problem D ^vhich may be reduced to Problem 0 plus the 
theory of G-power series. 
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Let J be a complex Banach space, S a complex Banach algebra with unit 
clement e, and let G(of, /3) be a symmetric analytic function which is holomorphic 
if a and are in a domain A of the complex plane. We suppose that the func- 
tional equation (8.8.5) has a scalar solution (p{^) satisfying conditions (i) to (v) 
of section 8.8. We take p == 1. 

Theoeem 8.9.1. Lei F{x) be a function on X to S3 defined for |1 .'r [j < 1 aiid 
having values in 2)(A). It is supposed that F(^x) is a continuous function of g 
for 0 ^ ^ < 1 is fixed, j] a* H < 1. Further 

(8.9.1) limF(^x') = ^(0)c ' 

for every fixed x and 

(8.9.2) F{x + y) - G[F{x), F[y)] 

II ^ IIj lU/ II) II ‘'i' + ?/ II < L Lheu there exists a linear function P(x) on 36 
to S such that 

(8.9.3) F(x) = (p\P(x)] ^ X) «n [F(^)r 

0 

for II .a: II < 1 . The series is an F- or a G-power series according as F(x) is hounded 
or not. In the former case F{x) is analytic m || a: || < 1. A necessary and suf- 
ficient condition that P{x) be bounded is that the limit in (8.9.1) exists uniformly 
with respect to x in |1 :r || < 6. 

Proof. For fixed x the function F{^x) = /(f) satisfies the conditions of 
Theorem 8.8.1. There is consequently an a = P{x) such that F{^x) = (p[^P{x)] 
at least for | f | < 1/ || P{x) 1|, It remains merely to discuss the properties 
of P(x). We shall prove that F{x) is G-differentiable and 

(8.9.4) BF{x; h) = P{h) Gi[F{d), F{x)]: 

Since P(/i) is the derivative of (p[tP{h)] with respect to f at f = 0 and we have 
Gi[Fid), F{6)] = e, the formula is true for x — 6. From Lemma 8.7.1 we get 

i [Fix + ^h) - Fix)] = j {G[Fm, Fix)] - G[Fie), F(a:)]} 

= I mh) - Fie)] Qmh), Fie), Fix)] 

Pih) GilFie), F(x)] 

when f 0. This proves that Fix) is G-differentiable for H a: 1| <1. 

By Theorem 4.3.4, SF(a;; h) and in particular 5T(0; h) - Pih) are linear. 
From Fi^x) = ?>[fP(a;)] we get, differentiating with respect to f and placing f = 0 
in the result. 
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d^Fid; h) = an[P(Ji)Y 

which is clearly a homogeneous polynomial in h of degree n. It follows that 
(8.9.3) is the MacLaurin series of F{x) which by Theorem 4.3.6 con\'erges in the 
c-star about d in the domain of G-differentiability. This implies that the series 
converges and represents F{x) in the unit sphere. In order that the sericis })(3 
an F-power series it is evidently necessary and sufficient that P{x) be bounded 
and hence continuous. If P{x) is bounded, then (8.9.1) holds uniformly for 
II 11 ^ 1 — 6. Conversely if the limit exists uniformly with respect to x in 
1 1 a; 1 1 <5, then F{x) is continuous at x ~ 6, From 

F{x + h) = G[F{x), FQi)] 

and the continuity of G{u, v) with respect to u and v in 3) (A), it follows that 
F{x) is continuous everyvffiere in || a: || < 1. F{x) is then F-differeritiable and 
hence analytic in the unit sphere. This completes the proof of the tlieorem. 



CHAPTER IX 


SEMI-GROUPS IN THE STRONG TOPOLOGY 

9.1. Orientation. The present chapter is devoted to the “strong case”. 
We consider two problems corresponding to Problems A and B of the preceding 
chapter, appending a few remarks on Problem C. 

The first question is the case of a one-paramcLer semi-group © = 

^ > 0, of linear bounded transfonnations on a complex (B) -space 36 to itself so 
that 

mi + ^ 2 )x = Tfe)[rfe).r] 

for all , ^2 > 0 and all x G 

The second question is that of a semi-group © = {T(aO}, x 6 S, of linear 
bounded transformations on a complex (B) -space §) to itself, the parameter 
manifold being an open positive cone in a (B)-space so that 

Tixi + X2)y = T(xi)[T{x2)y] 

for all xi , .To G and all y ^ "I'he second problem contains as a particular 
case what is conventionally known as an n-parameter semi-group in which case 
X is a real euclidean ?i-dimensional space. 

In the first problem, strong measurability of T{^) for ^ > 0 together with 
boundedness of |1 T(J) || on every closed interval interior to (0, co) forces T{^) 
to be strongly continuous for ^ > 0. If 9£ is a separable space, the boundedness 
condition is superfluous and strong measurability may be replaced by weak. 
We introduce the mfmitesimal generator A of © defined as the strong limit of 

A, = - [Tiv) - I] 

V 

■whenever it c(xists. A. is ordinarily an unbounded operator but its domain 
is dense in the union of the range spaces of T{a), a > 0. If the latter is dense 
in 36, then T(ri)x — > x when rj for all x. The main result is the “exponential 
formula" 

(El) T(^)x = limexp 

for all x and tdl | > 0, which replaces the representation !Z’(^) = exp (^A) of 
the “unifom case”. Several other exponential formulas will be proved in 
Chapter XI which contains a detailed discussion of the properties of A, its 
resolvent E(X; A) and the relations between TiO and R{X; A) through the 
Laplace transformation. In connection with (Ei) see also E. L. Post [1] where 
A = d/dl. 
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In the second problem, strong measurability and boundedness on all “rays” 
of induces strong continuity of T(x) on rays which may be extended to strong 
continuity on finite-dimensional subspaces. In this case we have a family of 
generators {A(a:)}, .r G which form a semi-module 3hvith positive multipliers. 

corresponds to the Lie ring in the classical theory of continuous groups. 
In particular, we are able to determine the stimcture of all strongly measurable 
n-parameter semi-groups. They turn out to be direct products of commuting 
continuous one-parameter semi -groups. 

The literature on one-parameter transfomiation groups is (luite extensive, 
going back to M. H. Stone (1930) and J. von Neumann. for the case of unitary 
groups in Hilbert space, the general case being treated by I. Gelfand (1939) and 
M. Fukamiya (1940). The earliest investigation having a direct bearing on 
the corresponding problem for semi-groups is a paper by B.de Sz. Nagy (1936), 
though some special semi-groups had been discussed by the present writer a few 
months earlier. Nagy’s representation of groups of self-adjoint linear bounded 
transformations on a Hilbert space contains implicitly the results for semi- 
groups rediscovered by the author in 1938, Semi-groups analytic in a half- 
plane were investigated by the author in 1938 but the general casO was not 
attacked until 1942. Extensions to the n-parameter case were announced in 
1944. N. Dunford’s contributions to semi-group theory started in 1938 when 
he proved the first general continuity theorem for one-parameter semi-groups 
{strong measurability plus boimdcdness on (0, w) implies strong right-ha7id con- 
tinuity) which he extended later to t\m n-paramc'tor (»as(‘. Rcweral of Dunfnrd’s 
unpublished results arc inserted below. 


Groups and semi-groups of linear transfonnatioiiH \L(u)\, multi pi imiive la the param- 
eter w, have been studied V>y N. P. XlomanolY (1942). lie worlcs witli funetioti .spac(i.s F, 
normally without a topology, and presupposes that tlve transform L(u)[f] is diflenuitiabh* 
with respect to u for all / G F. The transformation X didhmd t)y 


X/- 


du 


Uu)lf] 




plays the role of infinitc.simal gcncralor. In one of his axiomatias X/ G F for all / which 
would seem to correspond to our “uniform case*’ though comparisons an^ not easily mmh 
due to the differenc(3 in approach. Romanoff has discovere.d a large; number of general 
methods of constructing such multiplicative systems and his e(>ritril)uti()n.s to the op(;ra- 
tional calculus of the inlinitesimal generator are very iinportanl. 

Groups and semi-groups of linear transformations have also Inveri stuilied from the 
point of view of partially ordered sets. In this connection we not e the work of O. Birkhoff 
(1939) and L. Alaoglu on ergodic theorems in general semi-groups. More recently (1943) 
B. Vulich has investigated linear multiplicative opriratioms on partially ordered spaces 
satisfying the axioms of Kantorovich and their analytic rcpre.soritation in some important 
special cases. These investigations appear to be rather remote; from cnir run; of approach 
so we shall not go beyond the mere mentioning of their existence. 


There are two paragraphs: 07ie- Parameter Hemi-Groups and Extensions, 
References, Alaoglu and Birkhoff [1], G. Birkhoff [4], Duaford [4, 5, 6, 9], 
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Dunford and Segal [1], Fiikamiya [1], Gelfand [3], Hille [4, 5, 6, 7 , 9, 10], 
V. Neumann [ 4 ], Post [1], Romanoff [1, 2], Stone [1], de Sz. Nagy [1, 2], and 
Viilich [1, 2]. 


1. Onk-parameter Semi-groups 

9.2. Measurability and continuity. Let X be a complex (B)-space, ®( 3 £) 
the complex (B) -algebra of bounded linear transformations on X to itself, and 
let T(^) bo a function on positive numbers to ©(-K) such that 

(9.2J) rfe + i2)x = 0 < , & < CO, a; e X. 

Thus S ~ is a semi-group of operators in S( 3 :). 

It is to he expected that, in some sense or other, measurability of r(^) implies 
continuity for ? > 0 . The proof given below presupposes that || T(^) || is 
bounded for 0 < € ^ ^ ^ 1/e. The boundedness of the norm is implied by 
weak measurability of T{^) provided X is a separable space. In the non-separable 
case, however, boundedness must be postulated as well as strong measurability 
instead of weak. This distinction between the two cases is possibly due 
to defects of the method. 

Theorem 9 . 2 . 1 . T{^) is strongly continuous for ^ > 0 if either '£ is separable 

and T(£) is weakly measurable or || T{^) |1 is bounded in each interval [t, 1/e] 
and T{^) is strongly measurable. 

Proof. We start by proving that the first set of assumptions implies the 
second one. If X is a separable space, part ( 1 ) of Theorem 3 . 3.1 shows that 
yXf) i^^ strongly measurable whenever it is -weakly measurable. It follows that 
II Ti^)x II is measurable Lebesgue for each x. But if {xn] is dense on the unit 
sphere in 36 then || T(^) || = sup |1 T(^)xn || is measurable as the supremum of 
a countable set of measurable functions. || Tfe + S 2 ) || ^ |1 l^(Si) I Ml li 
shows that log || T(^) i| is a subadditive measurable function, never equal 
to +CC. ; it folknvs from Theorem 6 . 4.1 that log 1 | T(i) || is bounded above in 
every interval [e, l/e]. Thus the second set of assumptions are satisfied. 

We can then proceed as in the proof of Theorem 8 . 3 . 1 . We choose four 
numbers «, p, v such that 0 < a < 77 < /5 < ^ and an e so small that also 
p < ^ We have 

m)x = T{v)[m - v)x]; 

the right side being independent of y is certainly integrable with respect to 
7 } so that 

- a)[T(^ ± e) - T{^)]x = f T(v){[T(^ ± 6 - »?) - T(^ - i?)]a:} dr,. 
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If II T(r) II ^ when a S r ^ 0, the norm of the integrand does not exceed 
ill II [3’(^ ± e — ij) — — 17) ]a; II which is a bounded measurable function 

of ij. Hence 

(,3 - a) II [ra ± e) - m)]x W^M f “ ||[7’(r ± e) - T{r)k. || dr. 

By Theorem 3.G.3 the right member tends to zero with e. It follows that T(^)x 
is continuous for ^ > 0 and the theorem is proved. 

The strong continuity of T(^) implies that || T{^)x || is continuous for fixed x. 
From this one infers without difficulty that 1| T(f) || is lower semi-continuous 
and a fortiori measurable. AVhether or not |1 T(f) || is necessarily continuous 
is an open question. 

Each of the two hj^potheses in the second set of conditions in Theorem 9.2.1 
is evidently necessary for the desired conclusion, but we may well question 
their degree of independence also in the case of a non-separable space. It is 
conceivable that w^eak measurability suffices in all cases. The following theorem 
due to N. Dunford shows that it would be sufficient to prove weak continuity, 
but throws no further light on the moot question. 

Theorem 9.2.2. Weak continuity of T(f) on (0, co) implies strong continuity. 

Proof. If Ti^) is weakly continuous for a ^ f g /?, then to every x 6 % 
a;* G S* there is a finite M{a^ j3, .r, .t*) such that | | S M(a, 13, x, rr*) 

when a ^ ^ ^ /3. By the principle of uniform boundedness (apply Theorems 
2,12.3 and 2.12.2 in this order) this implies first that || T(^)x || g lV(a, /3, x) 
and secondly that || T(^) |1 ^ ^/(a, /3) when a ^ ^ ^ /3. Thus || T(^) 1| is 
bounded in any closed interval interior to (0, co). Next we note that T (^) is 
weakly measurable. Less on the surface lies the fact that T(^)x is separably- 
valued. This is proved as follows. Let {^^1 be the positive rational numbers 
and consider, for a fixed x, the set iOix the elements of which are of the form 
^ (an + i^ 7 dT(^n)x where the a^s and /I’s are arbitrary rational numbens, zero 
for large values of n. Let be the set {T(^).t), 0 < ^ < oo, and vsuppose 
that there is an element T(^(i)x of which is not a limit point of . We 
can then find a linear bounded functional xt such that XQ[T(^n)x] = 0 for all n 
but Xq [T(^(i)x] = 1. On the other hand, if ^ , then by the weak (iontinuity 

of T(^) -we have xt[Ti^nO'^^] Xo[T(^o)x], This contradiction shows that 
belongs to the closure of the countable set Wx and this implies that ^Ix is sepa- 
rable so that T(^)x is a separably-valued function of But a separably-valued, 
weaMy measurable function is strongly measurable. Since in addition || 11 

is bounded on interior intervals, T{^) is strongly continuous as asserted. 

That strong continuity of T(^) does not imply uniform continuity is shown 
by the counter example in section 16.2. 

9.3. The first exponential formula. Once the strong continuity of T(^) 
has been established, we may proceed to a further study of the structure of 
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T(^). This requires the introduction of the infinitesimal generator A of the 
semi-group @ We deline 


(9.3. i) A, = ^-[T{-n)~I], >7>0, 

(9.3.2) Ax = 

»j—>0 


whenever the limit exists. The set of elements x for which Ax exists will be 
denoted by S(/l). It is clearly a linear subspacc of 36 and we start by showing 
that never reduces to the zqvo element. 

Suppose now that Tifi) is strongly continuous for ^ > 0 and that x is of the 
form 


(9.3.3) 



0<a:</3<co. 


Then 


A,.T„,3 - 1 r lT(v) - IlT(r)v dr 

7] Ja 

= - f [T(r + ^) - r(r)]?/ dr 

rj Jac 

= i T{o-)y da- - - T(o-)y dcr 

7] ri 

^ [7’(i3) - T{a)\y 

when ij — » 0. Hence cvciy element of this form belongs to 3(A). This obser- 
vation is due to N. Dunford (unpublislied). 

Let la = 7’(“)[X] Lo the range of the transformation T{a), a > 0. We have 
clearly 

(9.3.4) la ^ h if a < /3 

and define 

(9.3.6) = Uala, a > 0. 

Thus Xo is the least linear hull of the range-spaces of ©. 

Thkoiiem 9.3.1. If T{^) is strongly continuous for ^ > 0, then 3(A) is dense 
in lo , the two sets have the same closure, and the range of A also belongs to So • 

Proof. If x € Xo there exists an a > 0 and a ?/ G such that x = Tia)y. 
If Xa.n is defined by formula (9.3.3) then lim^-.„ [l/(^ - a)]Xa.s = x, that is, 
cverj'' point of ifu belongs to the closure of 3(A). Conversely, if a: G 3(A), 
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then lira^o T{ri)x = x so that a- ^ Jo . It follows that the closures of and 
®(yl) are identical. Finally, if z 6 ®(^), then A„x 6 Jo and so does Ax. 


Theorem 9.3.2. If x ^ S)(jd), Ihin 

I: 'mx = Am)x == m)Ax. 

Proof. We have 

-[T(f + rf) - Tmx = A,'mx = m)A,x, 

V 

where the last member tends to ir(|)/l.'r when 7? — > 0 whence the theorem follows. 
We now introduce the operator 

(9.3.6) exp [(^ - a)/l,l T(a) £ I (f - r(«) 

w«0 

which is an element of @(36) since A ^ is bounded. Here a is fixed, a > 0, ^ is 
arbitrary, f ^ a, 77 is positive, and the main question before us is what happens 
to the operator Avhen 0. We prove first that the operator stays bounded. 
This is proved b}^ the following 


Theorem 9.3.3. Let || T{0 || ^ M for 0 < a ^ ^ ^ max (a + 1, 2q:); ihm 
for all ^ ^ T > a, 7} > 0, we have 


(9.3,7) ||exp[(|-r).4,]T(r) II ^ 


iir^'expjLT - 1]| , a ^ 1, 


exp 


! — ilAr-ilv a<i, 


'provided M '^1, For M < \ we divide each estimate by M. 

Proof. From the given estimate it follows that || Ti^) 1| for ^ S « is domin- 
ated by 

and Mt^ 


according asa^l,M^l;aS ],M < 1; a and a < 1, Af < 1. 

We then use the identity 

exp [(? - t)A,] T(r) = expji-Il-^ r(,,)| T{t) 

(9.3.8) ^ ^ 

»=o nl \ ij / 

of which the desired estimates are an immediate consequence. It follows in 
particular that for 0 < t; g 1, Af ^ 1, ^ ^ r ^ a, 

(9.3.9) II exp [($ - r)A,] T{r) || ^ M'+"exp [(? - r)(Af - 1)]. 
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For M < 1 we may replace the right member by 1. These estimates show 
that the operator stays bounded when t? — > 0. That it has a strong limit will 
be shown in the next theorem (the first exponential formula) which is the main 
result of this chapter. For the proof we need two lemmas, the use of which 
was proposed by G. Polya. The proof of the first is left to the reader. 

Lemma. 9.3.1. (n — iv)^{n^i)~^vfi = we"^. 

Lemma 9.3.2. 7/ ^^ > 0 and the summation is extended only over those values 

of n JOT ivhich \ n — w \ > N, then 

E' H!! < 

nl 


Proof. 


We have 




TheorI'M 9.3.4. If TiO is strongly continuous for ? > 0, then for every x 6 
and every $ ^ a > 0 

(9.3.10) lim II e.vp [(| - «)/!,] Tia)x - 2’(f).r |1 = 0. 

,-i) 


If T{i) is uniformly conlinuous /or | > 0 

(9.3.11) lim li exp f(^ — 0 ;)^,] T{a) — T{^) i| = 0. 

,-.0 

In both cases the limit exists uniformly with respect to ? in every finite interval 

[«, lS]. 


Proof. Let a, p, x be given, 0 < a S ^ ^ ^ • We suppose that 

11 T(^) 11 ^ iVl” for « ^ ^ ^ + f' 2“)- rectified modulus 

of continuity of TiQx in [a, i3j so that || T(.^i)x - T(^f)x || ^ niS, x) whenever 
a g ^ Ui - ^ 2 1 ^5. From (9.3.8) one gets 


exp i(^ - «)yi,i na)x - m)x = 


E 1 [T(a + nv) - m)lx, 

n-0 nl \ 7} / 


whence 


II exp 1(1 — a)Ayj] T(a)x — T(^)x || 

^ ± l II [Tia + nv) - Tm II • 

“ n^onl\ V / 

Let Si denote the sum of the terms of the latter series in which | a + nr? - $ 
^ d and S 2 the rest. Here Si < nid, x) and 


& g e 




Y]' —( i [ II T{^)x 11 + II Tia + nv)x || } = S 21 + Sn . 

^ n\\ V ) 
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Now S 21 is the product of || i| with an exponential series to whicli L(innna 

9.3.2 applies with 10 = (? — a)/i 7 , N = d/v so that 

< »?(? - cds'°- li mx ii. 


The discussion of Sn is slightly more involved. Restricting ourselves to 
typical case M ^ 1 we have \\Tia + nn)x 1| g || a: ||, regardless ol 

value of a'j whence 


S 22 = 


-d-aVi? 




n! 



the 

ih(‘ 


Here we have to take - cd/7j]M\ but the range of summation is nof; 

symmetric with respect to w and, unless rj is quite small, it may contain int(‘g'c‘is 
from a neighborhood of v). For this reason we choose an 970 ^ i small tJuit- 

(/3 - -- 1 ) = h5. 


On this assumption the set of integers n for which 

' L P > I , 

V 2t; 


71 • 


0 < V ^ » 


contains the set occurring in S 22 • By Lemma 9.3.2 we liave then 

{AP - 1 )] 

<4^(^ - 


- 

Sn < exp < 5 

I ’? 


iZL^ AP M i| ;c I 


V 




Hence for a ^ ^ ^ /3, 1 g M, 0 < 97 ^ 970 , 

II exp [(^ - a)A,] na)x - Wx || < ^(8, x) 

+ nip - a)S-W-^^ + '-I ii .r |! 

If M < Ij the second term on the right should be divided by M, From this 
estimate in which 8 is arbitrarily small, we conclude that (9.3.10) holds uni- 
formly in [a, /3]. If T(^) is uniformly continuous for J > 0 and not nuu’C'ly 
strongly continuous, we may suppress x everywhere in (9,3.12) replacing fi(8, x) 
by 7 u( 5 ), the modulus of continuity of T({) in [a, /3], and from this s(^(t that 
(9.3.11) holds uniformly with respect to J in [a, jS], 

The proof of the preceding theorem is modeled upon an argumtiat devised by (I. S/.c^gfi 
for the special case of the semi-group of right-hand translations in C[0, «>]. It r(‘p!aec‘H a 
more complicated and les.s powerful argument based on the resolvents of and An previ- 
ously found by the author. For the important case in wdiich th<i least closed linear hull 
of the range spaces is the whole space, 1.he strong convergence tlieorem can be pnjvi*d by 
a very simple and elegant method found by N. Dunforcl. See section 9,! for Uie ease; 

a = 0 . 


In view of the importance of formula (9.3.10) for our theory we resial.o it 
explicitly in two different ways. The first formulation 
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(9.3.13 ) T(^)x = lim E i ^ T(a + nr,)x 

shows that the result belongs to the theory of “singular series”. The second 
form is more interesting: with the usual notation of the difference calculus 

(9.3.14) A," T(«) = g (-1)"'" T{a + h-n), 
we have 

(9.3.15j r(f)a; = lim E ~ f £\;T{a)x. 

7J-+0 n5=0 ^ 1 

This form shows that vve are dealing with a generalization of Taylor’s series. 

We postpone further discussion of these formulas to Chapter XI where the 
infinitesimal generator Will be studied in more detail. See also Chapter XVI 
for the applications to semi-groups of translations in which case the connection 
with the classical Taylor’s scries is the closest. 

9.4. Continuity at the origin. So far a was supposed to be a positive num- 
ber. The case of o: = 0, in many respects the most interesting, remains to be 
discussed. 

Theokkm 9.4.1. // r(^) is defined for J > 0 and satisfies (9.2.1) and if 

(9.4.1) lim T{7j) s J 

' exisU in iJix. strong sense, then J is a projection operator, / = J, which maps all 
of S onto the closure of 3£o = U® 2’(«)[^]) 

( 9 . 4 . 2 ) m = = T{.i)j. 

IZ’(I) is strongly continuous for ^ S Q, if T{0) = J hy definition, and 
(9 4 3) T{^)x = lim exp [g/Lj Jx 

^ ' l7->0 

for all X, tiu> limit existing uniformly with respect to ^ in any finite interval [0, to]. 

Finally, a set of necessary and suficient conditions that the limit m (9.4.1) 
shall exist with J = I is that (i) T{^) be strongly measurable for ? > 0, (ii) there 
exists a finite positive M mch that || m) \\ ^ M for 0 < ^ ^ 1, and (iii) = X. 

Pkoof. If T{+0) - J exists as the strong limit of T{ii) we prove, using the 
same type of argument as in Theorem 8.4.1, successively that (1) J ~ 

(2) 11 TCi) 1! ^ itl(w) for 0 < f ^ oj < =0 ; (3) lim,^o T{^ + -n) = T{,i + 0) exists 
in the strong sense for ^ S 0, uniformly -with respect to ^ in [0, co], and r(f + 0) = 
r(S)/; (4) r(f + 0) satisfies (9.2.1) for ? 5 0 and is strongly right- 
continuous, heice measurable and, by Theorem 9.2.1, actually strongly con- 
tinuous for t ^ 0; and (5) ?’(?) is strongly continuous and T(f -f 0) = T{i). 
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This proves ( 9 . 4 . 2 ) and shows that conditions (i) and (ii) are necessary for the 
existence of (9.4.1). 

Since Jx = linii,_o T(r;) 2 ’, it follows that Jx 6 So. On the other hand, if 
a; e So , then Jx = a:. Indeed, if a: G SD(A), then lim,_o il,a: = Ax exists which 
requires that liin,^o T(n)x = a:. Hence Jx := x for x € ®W). By Theorem 
9 . 3 . 1 , S)(al) is dense in Xo so that Jx = x everywhere in So . Consequently 
j[3£] = . It follows that (iii) is necessary in order that J = I. 

The proof of (9.4.3) follows from formula (9.3.12) upon setting a = 0, Tiff) — 
J. We note that if r(|) is uniformly continuous for | > 0 and not merely 
strongly continuous, then 

(9.4.4) lim II exp [MJ J — TiO II = 0 

uniformly with respect to | in 0 < « ^ ^ ^ l/«. 

For the special case in which J = 7, N. Dunford has given a very simple 
and elegant proof of (9.4.3) (cf. N. Dunford and I. E. Segal [ 1 ]). He noticed 
that if a: G ®(H), then exp [(^ — t)AJ T(t)x is a differentiable function of r 
(by virtue of formula (5.7.3) together with Theorem 9.3.2). Hence 

Ti^)x - exp [^A„] ^ = j[ ^ - r)al,l TiT)x} dr 

(9.4.6) ” ^ 

= / exp [(^ - T)yi,l T(t)[A^x — Ax] dr. 
Jo 

IfO<i7^1,J17^1, formula (9.3.9) shows that the last member is dominated 
in norm by 

II 4, a; - Tx 11 f ^ dr. 

This expression tends to zero with 77 , uniformly with respect to ^ in [0, co] since 
the integral is uniformly bounded in this interval. It follows that (9.4.3) 
holds for X 6 ^(A). But 3)(^) is dense in K and || exp (^A,) H is uniformly 
bounded for 0 < ^ 1,0 ^ f ^ co, whence it follows that (9.4.3) holds for all .r, 

uniformly with respect to ^ in [ 0 , w]. 

To prove the sufficiency of the conditions of Theorem 9.4.1 we note that (i) 
plus (ii) implies that jr(^) is strongly continuous for f > 0 and that 35(A) is 
dense in Xo and by (iii) 35(A) is dense in X. But lim,_o T(r))x = x in 35(A) and 
II T(r)) II ^ M for 0 < ?; < 1 by (ii), whence we conclude that the limit exists 
and equals x everywhere in J. This completes the proof. 

Suppose now that T(^) is strongly continuous for ^ > 0 and define an operator 
no) by 

(9.4.6) lim T{7i)x - T(0)x 

whenever the limit exists (in the strong sense). The domain of definition of 
T( 0 ) contains the closure of ^ which we now denote by 9b We also introduce 
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the linear space consisting of all x such that T(0)x = B. Here 9^ is closed 
by definition and a simple argument shows that M is also closed. Further 
and 9^ have only the zero element in common. We can also characterize SJ? 
as the set of elements x which are annihilated by T(^) for every ^ > 0. Indeed, 
if T{^)x == 6 for all J > 0, then T{0)x = 0 and a: G 9K. Conversely, if x 6 
then 

n^)x - lim + yj)x 

v-*0 


- lim T(^)[T{r})x] - TmT{0)x] = 0, 

i]-*Q 

SO that T{^)x = 0 for every x ^ M and all ? > 0. We also note that T{Q)x = x 
for.T 6 9^. 

Theorem 9.4.2, A necessary and sufficient condition that Km,,_o T{if])x shall 
exist in the strong sense for all x is that 

(9.4.7) X = aiJ © 91. 

Prooe. (9.4.7) is an assertion that to every a; 6 X there is a uniquely defined 
pair of elements Xi , x^i such that 

a; “ xi + rr2 , a;i G SK, :r2 6 91 

If the condition holds then T{0)x = xg so that r(0) is defined for all rr and the 
condition is suflB.cient. Conversely, if T{0) is defined for all x, then T(0) = /, 
a projection operator, and 

X = Jx + ^ J^) 


is the required decomposition since Jx €91, Jx € 9Ji. The decomposition 
is obviously unique, so the condition is also necessary . 


It should be observed that conditions (i) and (ii) of Theorem 9.4.1 are not sufficient to 
ensure the existence of m)x for all a;. This is shown by the following example (a power 
semi-group in the sense of section 16.7). We take H ~ C[0, 1] and define 




( 


1 4- cos 


,ob|) 




i>o. 


Thm semi-group is strongly continuous for ? > 0, but 2;(0)[a;(01 exists » and only if x(t) = 0 
at all the points I where the bracket equals zero, that is, for t - 0 and l/[(2n + Ijjj. 
functions x(0 having this property form the set Sfo = 5ft which is not dense in 36 and SEft 
contains only the zero-element so that (9.4.7) does not hold. . -.i, 

The form of Theorem 9.4.2 calls for additional comment. It is concerned with the 
decomposition of the given space S into the direct sum of two subspaces SK and 5ft. Hero 
5ft is the closure of the union of the range spaces of the individual transformations of the 
semi-group and 5!ft is the intersection of their “null” spaces^ 

instance of a large class of decomposition theorems discovered by N. Dunford [9] who found 
that they govern a number of apparently unrelated questions such as ergodic theorei^, 
Haar measure, invariant measure, Wiener’s translation theorem, etc. We shall encounter 
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other such docoinpositlon theorems in Chapter XIV which is concerned with ergodicity. 
Actually Theorem 9.4.2 is an ergodic theorem for a semi-group involving the limiting passage 
^ 0 and the strong Cauchy limit. 


2. Extensions 

9.5, Problem B in the strong topology. We now consider two complex 
(B) -spaces 36 and g) and a function T{x) on X to satisfying the following 
conditions : 

(1) is defined for x G an open positive cone in the sense of Definition 
8.5.1, and has values in (S(S)), that is, Tix) is a bounded linear transforination on 
g) to itself for fixed x G 

(2) There exists a finite positive M such that for all x in St with || x \\ ^ 1 we 
have II T{x) \\ ^ M. 

(3) T{^x)y is a measurable fimetion of ^ for ^ > 0, X G -5?, y G §). 

(4) For xi , X 2 ^ St, y G §), 

(9.5.1) T(x^ + X 2 )[y] = T(xf){T(xf)ly]}. 

Thus the operators {T(x)}, x G St, form a semi-group © of linear bounded 
transformations, the parameter manifold being the cone of K which is a semi- 
module with operators, the multipliers being all positive numbers. We assume 
that 'E. 

Theorem 9.5.1. T(^x)y is a continuous function of ^ for ^ > 0 and fixed x G ifS, 
y G 2). More generally, if 2c(n) is a fmite-dmensional linear subspace of H, then 
T{x)y is a continuous function of n: in 3E(n) H f , In particular, if itself is finite- 
dimensional, then T{x)y is continuous for x in 

The first assertion follows from Theorem 9.2.1 l)y virtue of conditions (2) 
and (3). The proof of the second one follows the same pattern as that of 
Theorems 8.5.1 and 9.2.1 and the details are left to the reader. 

For a; G we now define 

( 9 - 5 . 2 ) A,{x)y =* 1 - I]y, 

y 

(9.6.3) A{x)y = lim j4,(a;)2/ 

■whenever the limit exists. The domain and range of A{x) will be denoted by 
(a;)] and 31[.4 (a;)] respectively. Wc also introduce the range of T(ax^ denoted 
by 9t[!r(a!a;)] = §)a(a:) and put g)o(a:) = IJo ^cc(x). The next two theorems will 
elucidate the relations between these linear subspaces of §). In the first theorem 
comparisons are made for fixed x, in the second one for different values of x. 
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Tpieorem 9.5.2. For fixed x in i?, 3)[yl(a;)] is dense in 2)o(^) cmd the two 
spaces have the same closure, $yi[u4(.T)] is also contained in the closure of §)o(ic). 
If y belongs to the closure of g)o(a;), then T{r}x)y — y. 

Proof. For fixed x in T{^x) satisfies the conditions of Theorem 9.3,1 
and the first three assertions follow from this theorem. By reason of condition 
(2), the relation lim^^o ^^(97.^)?/ == y, which obviously holds in 3)[A(a;)], must 
also hold in the closure of this space. This is the last assertion and completes 
the proof. 


Theorem 9.5.3. For every a > 0 we have 5D[yl(o;a;)] = ®[A(a;)]. Further 
3)[rt(a:i + 0:2)] 3 S)[rt(a;i)] H 5D[rt(a;2)] and is dense in the inter- 

section. For y in the latter, 

(9.5.4) lim T{r}Xi)Aix 2 )y = Aix 2 )y^ 

TJ-»0 

Proof. The first relation is a trivial consequence of 


(9.5.5) 


lim-i- [T{r}(xx) ~ I]y = lim -[T(irjx) — I]y 

7}-^o rjoi n~^o 7] 


'when either limit exists. Suppose now that y G 3)[/i(a:i)] D S)[A(a;2)]. Then 
T{^xf)y G S)[A(a:i)], hence also Ap{xf)y\ the latter expression tends to a limit 
wdien ^ 0 since y G S)[A(a:2)]. Thus A{xf)y is in the closure of S)[A(.Ti)] 
and (9.5.4) holds by the preceding theorem. We may of course interchange a-i 
and X 2 in this relation. 

Next if y G 3)[A(a;i)] fl S)[A(a:2)] we note that lima...o.^-.or(a^i + ?xf)y = y. 
Forming 

?/„ = n* I / T{iiXi + 12X2)2/ d^i , 

Ja -Iff 

one finds that 


A(xi)A(x2)y„ = 



I T Q — I T{ctxi + fiXi)y 


and = Tiaxi + ^X 2 )y. This implies that the domain of A(xi)A(x2) 

is dense in the intersection of the domains of A{x^ and Aix^). Finally Ti'e shall 
show that if y belongs to this intersection then A(xi + X 2 )y exists. Indeed, 


A^(xi + X 2 )y = T(riXi)A^ix 2 )y + A„(xi)y. 


Here the second term clearly tends to A{xi)y when 0 and the first term 
equals 

TivXi}[A,{x 2 )y - A{x^y] + T{yx^A{x^y. 

In this expres.sion the first term tends to B when v 0, since 1[ TiyXi) 1| ^ Jf 
for 0 < V ^ VII ^1 i I a-ntl the expression in square brackets tends to 6 when 
0. It follows then from (9.5.4) that A{xx + x%)y exists and 
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(9.5.6) A(xi -f X 2 )y = A{xi)y + A(xi)y. 

In the same manner we prove 

Theoeem 9.5.4. 3 )[A(a)i)A(x 2 ) * • ♦ A{xk)] is dense in ni®[A(a;m)]. In par- 
ticular^ !D([A(x)]^} is dense in ■D[A(x)]. 

From formulas (9.5.5) and (9.6.6) the following important result is obtained: 

Theoeem 9.5.5. A{x) is an additive^ positive-homogeneous function of x. 
More precisely expressed, (i) if A{xi)y and A{x 2 )y exist so does A{xi + X 2 )y and 
is given by (9.5.6), and (ii) if A(x)y exists so does A(ax)y andA(ax)y = aA(x)y, 
a > 0. 

Finally we have the following analog of Theorem 9,4.1. 

Theoeem 9.5.6. If 

(9.5.7) lim T{'t]x)y 

ij~+0 

exists for all x £ ^,y G 2), then the limit is a projection operator J independent 
of X, = J, which maps all of §) upon a dosed suhspace g)o . Every space 
§)o(a;), a: 6 has Do as its closure. Further 

(9.6.8) Tix) = JTix) = T(x)J. 

T{x) is strongly continuous as a function of x in Si H 3;(„) where Xcn) is any finite- 
dimensional subspace of 3£, and 

(9-5.9) T{xfy = lim exp U,(a;)] Jy 

0-0 

for all y, the limit existing uniformly with respect to x in any hounded portion 

0/ ^ n . 

Finally, a sufficient set of conditions in order that (9.5.7) shall exist with J = T 
is that (l)-(4) hold and, in addition, (5) Do (a;) is dense in D for each x. 

Proof. Denoting temporarily the limit in (9.5.7) by J(x) we obtain from 
Theorem 9.4.1 that J{x) is a projection operator, [-/(.r)]" = ./(x), which map.s 
all of D on the closure of Do(x), and Ti^x) = J(x)T{^.v) = Ti^x)J(x) for ? > 0. 
Further T(^x) is a strongly continuous function of $ for ? > 0, and 

(9-5.10) Ti^x)y = lim exp [^^(x)] J(x)y 

,-o 

for all y, the limit existing uniformly with respect to ^ in any finite intci’val 
[0, os]. We note next that if X{„) is any finite-dimensional linear subspace of 
If, then by Theorem 9.5.1 T{z) is strongly continuous for x € St fl 9E(„) . 

To prove that J(x) is independent of x, we argue as in the proof of Theorem 
8.5.2. From , 

T(o'Xi -f 0X2)y = T(axi)T(/3x2)y = T(fix..)T(aTi)!J 
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we get, letting a 0 and using continuity on finite-dimensional subspaces, 

T(fiX 2 )y = J{xi)T{^x 2 )y = T{fix,)J(xi)y. 

When /3 0 one obtains 

Jix2)y = Jixi)J{x2)y = Jixi)Jixi)y 

and, interchanging rci and x, , this gives J{xr)y = J{x,)y whence J{xi) = 
/(a-a) — J for all Xi , Xi . Since J maps §) on the closure of §)o(a;) for every 
X in this closure must be independent of x. 

Formula (9.5.9) now follows from (9.5.10). The uniformity with respect to 
X for X G n 9£(n) , || x || g co, follows from the estimate 

11 exp [A,(x)] Jy - T[x)y 1| ^ ;x(5, y) + + 26^^“] H y H, 

valid for 0 < 07 ^ 770 = ')?o(5, co, M), Avhere y) is the rectified modulus of 
continuity of 2 {x)y in the domain in question. The estimate is obtained in 
the same manner as (9.3.12). 

It is obvious from Theorem 9.4.1 and the preceding discussion that conditions 
(l)-(5) are suflScient in order that the limit in (9.5.7) shall exist for all x in ^ 
and have the value J. On the other hand, if the limit does exist and equals I 
for all X in and (4) holds, that is, we are dealing with a semi-group, then 
conditions (1), (3), and (5) are seen to hold so they are also necessary. Con- 
dition (2) is of a different nature; all we can assert here is that (2) is necessary 
il the limit is to hold uniform^ with respect to x in the unit sphere. 

9.6. The set of generators. From the preceding discussion we see that 
with the semi-group © = {^(x)} of linear bounded transformations on ^ to 
itself there is associated the set 31 = {4(x)} of infinitesimal generators. Here 
/l(x) is also a linear transformation on g) to itself, but ordinarily A{x) is not 
bounded and hence not an element of @(§)). While the set © is multiplicative, 
31 is additive and corresponds to the Lie ring of a continuous group. If Ai , 
A^ 6 31 so does aiAi + 0 ^ 2^ 2 when oji ^ 0, 0:2 ^ 0, that is, 3[ ib a semi-module 
with operaiorSj the multipliers being positive numbers. Thus there is a marked 
difference between our set 31 and a Lie ring, the latter being a module admitting 
all real numbers as multipliers. This difference of course goes back to the basic 
difference ])etwecn a group and a semi-group. 

In a Lie ring there is also defined a notion of multiplication, the commutator 
UV -- VU being regarded as the product of U and V, In our case it is a priori 
plausible that the elements of SI commute, but owing to the unbounded char- 
acter of ..4(x), the proof of this fact requires a fairly elaborate argument in 
file course of wdiich we shall establish several other important properties of A(x). 

Thkokkm 9.6.1. The operators T{xi) and A{x^ commute in the sense that 
T{xi)A{x^y = A {x^T{xi)y provided y 6 S[.4(x2)]. 


Pkoop. We have 
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If y 6 Sj[^l(a; 2 )], the left side tends to T(xi)A{x 2 )y when rj -^0. It folloWvS that 
the right member has a limit which, by definition, is A(x 2 )T(xi)y and tliat the 
limits are equal. 

The next two theorems are due to I. Gelfand [3] for one-parameter groups but 
his proofs carry over to the present situation. 

Theokem 9.6.2. Ify^ (.r)] and J > 0, then 
(9.C. 1) ~ mx)y = A {x) T(^x)y = Ti^x)A {x)y. 

If y is in the closure of SD[A(.t)] and a > 0, then 

(9.6.2) A(.^) r mx)y - [T{oix) ^ I]y, 

Pboof, In the first case 

- mu + n)x) - 'm)]y = A,{x)nk^)v = mx)A,{x)y 

v 

where by assumption the last member tends to the limit T{^x)A{x)y when 
V 0, thus proving (9.6.1). Further 

= - T{Tx)y dr - i T(rx) 2 / dr. 

*^0 7} j a 7} 

'Wlien V 0 the first expression on the right tends to T{a.x)y since Ti^x)y is a 
continuous function of ^ at ? = a for any y, while the second tends to y provided 
y is in the closure of ®[A(a:)]. This completes the proof. 

If y 6 3)[A (a:)] we may pass to the limit under the sign of integration obtaining 

(9.C.3) r r(^x)Aix)y dk = [r(«x) - I]y. 

Jo 

Tliese formulas have analogs for functions of several variables which may be obtained 
by induction from the one variable case. In deriving the formulas, attention should be. 
paid to the order of the limiting passages and to successive restrictions imposed upon 
the element y. Thus if 2/ 6 ^D[A(a;i) • • • A(a:ft)J 

(9j 4) ^ ^ ^ Yfe.Ti + . . . + ~ T{^xi -j- . . . -I- ^yxh)A{xi)-^ *A{xk)y. 

If y is in the intersection of the closures of 2)[A(a;i)l, • • • , 3)[A(a;fe)] we have 

r^i r^k k 

( 9 . 6 . 6 ) A(a;i)* • ‘Aixk) I • * • / T(^iXi ^icXk)y d^i d^k — 11 lT{ajxi) — I\y 

*'0 JQ 3-1 

where evidently the order of the unbounded operators is immaterial. If in addition 
y 6 S)[A(a;i) ••• the operators A (x/) can be taken inside the integral, starting with 

A{xk) and ending with A(xi), so that 
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r*^\ (*^k k 

(9.0.0) / ■ • • 'l%Xi + ■ • • + ikxMixi)-- -AUicJu dik • • • dji = H - l]ij, 

Jo Jo l=*l 

order eyseritial. 

Thkohiom 9.0.3, The operator Afe) ••• AOrJ is closed for any choice of k 
and :ri , • • • , xu in 

PjiOOF. \Vc start witli k — 1. Suppose that {yn} is a sequence of elements 
in ®[A (j:)J and that yn ?yo ? A{x)yn — > jSo • It is required to prove that A(j;)?/o 
exists and eciuals Zq . Formula (9.6.3) holds for y = yn so that 

r T(^x)A(x)yn = [T(ax) - . 

Jo 

Passing to the limit with n one obtains 

- f T(^x)2o = - IT(ax) — I]yo ■ 

a Jo CL 

Here in the closure of ®[il (x)] so the left side tends to Zo when a — » 0. Hence 
A (:r)ya exists and equals zo . 

We not(s next that T{x), being a bounded everywhere defined transformation, 
is closed. Hence if ?7 is a closed transformation on §) to itself, UT{x) is also 
closed and so is Tix) U ii U and T{x) commute. 

Suppose now that we have proved the_closure of any product of generators 
inA''olving not more than ik — 1) factors. We shall show that d.(xi) • • • A(x;{) 
is also closed. Suppose that {y„] is a sequence in 5)[l(xi) ••• A(xk)] and 
that yn yo , A{x^ ■■■ A{xk)yn -* Zo ■ We note that Afe) • • • A(,Xk)yn € 
S)[A(;ri)] for every n. Hence 

f T(^Xi)A(x].)A(x 2) ■ ■ ■A(x;Jy„ = [r(a.ri) — J]A(x 2 ) • • •A{xk)yn • 

Jo 

Here the operator on the right is closed and the expression on the left tends to 
a limit when n — ^ . It follows that 

- r T(M)so = - lT(axi) - /]Afe)- • ■A(xk)yo . 
a Jo ^ 

Passing (,o the limit with a and remembering that Zo is in the closure of S)[A(xi)] 
we g(h z„ = A (xi) ■•■A (x/.)2/„ . This completes the induction proof. 

■\V(‘ (u>ine now to the main result: 

Thkoukm 9.6.4. If y is in the intersection of S)[A(;ri)] md ®[A(a;i)A(a; 2 )] 
then it is also in 3 )[A(x 2 )A(.Ta)] and 

A{xf)A{xf)y = A{xf)A{xf)y, 


Pboof. We have 
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A{xi)A{xi)y = lim A.^{xi)A{xi)y 

u-*o 

' = lim A{x2)A,i(xi}y = AiXi)A{xi)y 

7J-»0 

where the last step follows from the fact that (i) lim^j^o Arj(xi)y exists and equals 
A {xi)y and (ii) A{x2) is closed. 

The assumption that y € S)[A(a;i)] is essential and is not necessarily implied by the exis- 
tence of A(xi)A(xo)y. The following counter example may be helpful in clarifying the 
situation. It is open to the objection that the corresponding sot ^ is not open, but this 
situation has to be faced in the next section anyway. We take g) = C[0, «] with the usual 
metric and define a two-parameter semi-group by 

Tte, h)[y{i)] - oxp[^tii - yt]yit) 

for ^1 ^ 0, I2 ^ 0, (^1 , ^2) 9^ (0, 0), the value of the transform for t — 0 being defined by 
continuity. Here there are two infinitesimal generators Ai and Ai where 

Ai[y{t)] = -tyd), A2W)] = ~(1A)2/(0. 

"BlAi] is the subset of C[0, co J on which ty{t) tends to a finite limit when f -> « , while 2)[A2] 
is the subset on which y{i)/t tends to a finite limit when t —> 0. Here wo have 5D[AiA2] — 
!I)[A2] and T)[A2Ai] = ^[Ai]. On the former sot A1A2 = I, on the latter A2A i “ /, but^D[Ail 
3^ !DlA2l. 

The problem of permuting three or more generators can be handled in a similar inauner. 
For cyiic permutation of k generators it is sufficient that 

?/ € n S)[A(.ry)] n !lD[A(a'i) • * -ACrAj)], 

but if general permutations are to he allowed the conditions become fairly complicated. 


9.7, The n-parameter semi-groups. The most important application of 
the preceding theory appears to be to the case of n-parameter semi-groups of 
linear bounded tranvsformations of the type considered in ergodic theory. Here 
3£ = En is a real euclidean space of 7i dimensions with the usual definitions of 
arithmetical operations and metric. We write x = (fi , , ^n) and denote the 

unit vectors hyui, • • • , Un where wy = (Sy/J. The assumptions (l)-(4) of section 
9.5 will now be replaced by 

(i) T{x) is defined for x £ Et , ihe T-ani in which ^ 0, • * • , ^ 0, excludimj 

(0, • • • , 0), and has values in £(2))- 

(ii) and (iv) - (2) and (4) with J? replaced by Et . 

(iii) T{x)y is a measurable Junction of x in Et Jot every fixed y £ 

The set Et is a positive cone but not open; (iii) is evidently much less restri(*- 
tive than (3). Nevertheless the following result holds. 

Theoeem 9.7.1. T{x)y is a continuous function of x in ihe interior of Et for 
each y in 

The proof follows the same lines as the proofs of Theorems 8.5.1 and 9.5.1, 
the only difference being that now the measurability of T{x)y = 
as a function of (^ 1 , • * ■ , Jn) is postulated. The details are left to the reader. 


li c ; 
V. 


Library 
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In view of this situation most of the results of sections 9.5 and 9.6 apply to 
the present case. We get a simpler and more satisfactory theory, however, 
by adding a fifth assumption: 

(v) is dense m §) /or fc = 1, 2, • • • , n. 

We recall that So(tiA:) is the union of the range spaces of T(aui) for a > 0 . We 
can then state a stronger result: 

Theobem 9.7.2. Let @ = {r(a:)} = {T(^i , • • • , 6 e an n-'parameter semi- 
group satisfying assumptions (i)~(v). Then 

(1) T(?i , • • • , Jri) is strongly continuous in St and tends strongly to the identity 
when (?i , • • • , fn) ( 0 , • • • , 0 ); 

(2) r(^i , • • ‘ , fn) is the direct product of n continuous one-parameter semi- 
groups ©A = { Tjei^k ) } = { Ti^kUk ) } so that 

r(fi, ••• = n nfe); 

1 

(3) commutes with Tki^k) and lim^->o Tk{r])y = y] 

(4) Tki^k) is generated hy the infinitesimal transformation Ak = ^4(1^^) and all the 
generators of © are of the form A = ^kAk j^k ^ 0. 

Riomahk. We have assumed that all the parameters are essential. If this is not the 
case, the theorem is still valid but the basic generators Ah are no longer linearly independent. 

Pbooe. We know already that r(Ji , • • • , ?n) is continuous in Int {Et)j 
but it remains to prove continuity on the boundary. The first step is to prove 
that 2)o(x) is dense in g) for every a; 6 Int (J^). This follows from (ii) + (v) 
by the following argument. Let yo be a fixed element of g). To any « > 0 
we can find elements i[/i , , Vn in g) and positive numbers foi , * * * > such that 

II 2 /a — 1 Ti^ok'^OykW ^ k — Ij , n. 

If idkUi = Xo , we conclude that 

M"" — 1 

11^0 - T(xo)yn\\ ^ ^ 

If X e Int (Et) is given we can choose a,a>0, so small that Xq - ax e Int (Et) • 
Hence 

II 2/0 - T{ax)[TixQ - ax)yn] || ^ , 

so that g)o(x) is dense in g). From this it follows that the conditions of Theoiem 
9 . 5.6 are satisfied and lim,^o TMy - y for every x 6 Int (EJ, y G g). In 
particular 

(9 7 1) lim Ti^kUk + v^)y = TiikUi^y^ 

^ ' . i 7->0 

Here h^k + e Int (Et) so that T{kkUk + rix)y is a continuous function of 
for f/r ^ b nnd fixed 77 > 0. It follows that Ti^kUk)yj being the limit of a 
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sequence of continuous functions of ^ , is measurable in . Further || T{^kU]^ || 
^ M for 0 < ?! g 1. By Theorem 9.2.1 , is then a continuous function 

of ti- for Jfc > 0, /c = 1, • • • , n, and, by Theorem 9.4.1, lim,_o T(r]Uk)y — y. Since 

T(x)y = = Ji T(hUk)y = E 

we conclude that T(x)y is continuous in Et . This proves (.l)-(3). 

The set of generators of @ is 31 = } . By Theorem 9.5.5 

/ n \ n n 

A(x) = A (2 ^kUk) = X ^kA(uk) = ^kAk- 

Here is clearly the infinitesimal generator of Tki^k)- This completes the 
proof. For this theorem see also the recent paper of N. Dunford and T. E. 
Segal [1], 

Assumption (v) is essential for the validity of this result. If it does not hold a fioculiar 
situation will arise which we shall illustrate in the simplest case = 2. We take two con- 
tinuous one-parameter groups = {y'i (^)},02 — {Ti{ 7 ))] of linear bounded transformations 
on 2) to itself. We assume that the elements of ©i commute with those of ©2 and that 
limf~to TiiO — Ji , lim,-^o TzM = /a where J 1 J 2 - J 2 J 1 ^ Ji and Ja , Then \Ti(0Tiir))\ 
is a two-parameter semi-group 0 defined for ^ ^ 0, ^ 0, (^, 77) 7 ^ (0, 0) and satisfying con- 

ditions (i)~(iv) but not (v). Here Ti{^)T%{t{) is continuous in the interior of the first quail * 
rant and tends to continuous boundary values on the axes. On the $-axis the limit is / 2 T 1 (£) 
^ Ti($), on the 77 -axis it is /i!r2(77) 7 ^ ^ 2 ( 77 ). 


9.8. Remarks on Problem C in the strong topology. The extension of the rcHulls of 
§8.3 to the strong topology meets with considerable difficulties wdiich have not been over- 
come at the time of the present writing. We shall therefore restrict ourselves to brief indi- 
cations of what may be extended and where the difficulties set in. 

We assume as usual to be a symmetric numerically-valued function of the two 

complex variables a and 13 holoniorphic in some domain A of the complex plane. Further 
the addition formula 


^ 2 ) “ G[f{^i)ff{^2)] 

shall have an analytic solution <^(^7 holoinorphic in | ^ | < p and having its valufjs iti A. 
Moreover tp(^) shall not be a constant. 

Theorem 8.6.1 admits of the following extension, the proof of which is left to the rcadcjr. 

Theoeem 9.8.1. Let T{^) he a slrongly measurable Junction of * on the open interval (0, w) 
to such that 

for all X ^ and all and ^2 in the interval and such that T(^i) and T(^ 2 ) coinnintn. Let 
he the range of T{^) in (S(^) /or 0 < ^ < o). Suppose that 9^ is hounded and 9? CT>(A(,) , Ap C A. 
Suppose further that to every x there is a finite M(x) such that for all in (0, w) 

II T(77)]a: - T^x || ^ M{x) 1| [Tfe) - Tm^ ll* 

Then T{^) is strongly continuous in (0, w). 
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The justification of the Lipscliitz condition is trivial if G(a, /3) is entire; in other cases 
the situation is not so favorable. The crux of the matter is the extension of Lemma 8.7. 1 
to the strong topology. 

The analog of the infinitesimal generator of a semi-group is given by the operator A de- 
fined as the strong limit of when 0 where 

A, = - [rw - p(o)/]. 

V 

It is likely that the domain of the operator A contains all elements of the form 

1 GiWO)!, Ti^)]x 0 < a < ^ < ui, a; G 32. 

a 

and that these elements arc dense in X if U aT{a)[li] has this property. 

A still more complicated problem is to decide whether or not the operator has a 

sense and lends strongly to T(^) when rj 0. This is, of course, what one would expect 
by analogy with the semi -group case but we really have no evidence one way or the other. 


CHAPTER X 


LAPLACE INTEGRALS AND BINOMIAL SERIES 

10.1 Orientation. An important chapter in classical analysis is concerned 
with functions which are holomorphic in a half -plane. The point at infinity 
is usually a singular point of such a function and the rate of growth of the 
function on rays or on vertical lines gives useful information concerning the 
behavior of the function in the neighborhood of the singularity. The rate of 
growth is also decisive for the representation problem. Here we have several 
possibilities; the function may be representable by a Cauchy or Poisson integral 
in terms of the boundary values on the line bounding the half-plane, or by 
one of the several forms of the Laplace integral, or by a suitable interpolation 
series such as the binomial series, to mention just a few of the alternatives. 
The rate of growth of the function decides what representations are possible. 

In the theory of semi-groups of linear bounded transformations we are to 
be concerned with several vector-valued functions which are holomorphic 
" in a half-plane. The resolvent R(\; A) of the infinitesimal generator is such 
a function and in some of the most important cases the semi-group operator 
itself has the same property. For an effective study of these functions we are 
forced to carry over the classical theory to vector-valued functions. The 
results will be used steadily in the following and are indispensable for Chapters 
XI to XV. 

The present chapter is divided into three paragraphs: Laplace transforms, 
Functions Holomorphic in a Half-Plane, and Binomial Series. In the first we 
develop the elements of the theory of vector-valued Laplace-Stieltjes integrals, 
including the theory of convergence, analytic properties, scalar multiplication, 
and inversion formulas. For the classical theory we refer the reader to D. V. 
Widder's excellent monograph [1]. The second paragraph is concerned with 
functions of class Hp{a; 9£), certain concepts of order and the associated growth 
measuring functions, and the problem of representing functions by Laplace 
integrals. For the classical theory the reader may consult E. Hille [3] and E. 
Hille and .1. D. Tamarkin [5, 6] where further references are to be found. The 
theory of binomial series is equivalent to the theory of functions which are of 
exponential type in a half-plane. Here the classical theory is due essentially 
to F. Carlson [2] and N, E. Norlund [2] to whose writings we refer for further 
details. An extension of this theory to vector- valued functions was given 
by the present author in [7]; the present account, though sketchy, has certain 
advantages. 

References. Carlson [2], Hille [3, 7], Hille and Tamarkin [5, 6], Lindelof [2 J, 
Norlund [2], Phragm4n [1], Phragm6n and Lindelof [1], Post [1], Widder [1]. 
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1. Laplace Transforms 


10.2. Laplace-Stieltjes integrals. Let X be a complex (B)“Space, a(J) a 
function on [0, co) to X, and let a(^) be of strongly hounded variation over every 
finite interval [0, co] in the sense of Definition 3.4.4 (3). Since a function of 
strongly bounded variation has right and left limits everywhere and is con- 
tinuous except for a countable set of discontinuities of the first land, we may 
normali55e a(^) by assuming that 

a(0) = 6, a(?) = i[a(J 0) + a(? + 0)] for ? > 0. 

The integral 

a{i- \) = / e~^“ da{a) 

exists for finite complex values of X and finite positive values of If> for a 
particular X, lim^^oo a(^; X) exists, we denote the limit by 

(10.2.1) /(X) - f e-^^daiS), 

Jo 


We say that the integral converges for this value of X and call/(X) the Laplace- 
Siieltjes transform of a(^). If a(J) is absolutely continuous and a(^) = 
flg{a)daj then 

(10.2.2) /(X) = r ■ ■■ 

Jo 


and /(X) is called the Laplace transform of g{^). 

Let a-^{^) denote the strong variation of a(a) in [0, J]. We say that the Laplace- 
Stieltjes integral is absolutely convergent for X = Xo if the numerical integral 


(10.2.3) 



da^(^) 


converges for X = Xo . This implies ordinary convergence and the inequality 


(10.2.4) 


II /(o* + ir) II ^ <t>{cr) 


whenever the right side exists. Necessary and sufficient conditions for the 
convergence of (10.2.3) may of course be read off from the classical theory and 
the latter also indicates the nature of the results relating to ordinary convergence 
in the abstract case. 

The following approach to the convergence theory was developed byF.Bohnen- 
blust in 1932 (unpublished) for the case of numerically-valued functions. Let 
a(oo) denote whenever the latter exists as an element of 3E, other- 

wise d. We define the order of a(f) to be 


7 = lim sup “ log 
^-*■00 ? 


a(j) - a(oo) 


(10.2.5) 



204 


FUNCTIONAL ANALYSIS AND SEMI-GROUPS 


[§1 


The functions a(^) of finite order form a linear space ?I; we collect functions 
having the same order y into a subspace 91(7). Since the order of the sum 
•of two functions of order 7 is ^7, the spaces 21(7) are not linear. 

We observe next that a(^; X) is the strong limit of property chosen Riemann 
sums; hence integration hj parts is permissible and gives 

<10.2.6) a(|; X) = + l f da, 

Jo 


where the integral now exists in the Riemann-Graves sense, 
we have 


= a(?;0) = X) 

= X) - X e'“'a(a; X) da. 

Jo 


(10.2.7) 

Formula (10.2.G) defines a linear transformation 


Conversely 


7’(X)[a(f)] = a(t; X) 

on ?l to itself which maps the subspace §1(7) on the subspace 2C[7 — SR(X)1 in 
a one-to-one manner. Indeed, if a(^) 6 21 (7), then (10.2.6) shows that tlie 
order of r(X)[a(f)] is ^ 7 — 31(X) and (10.2.7), which defines the inverse trans- 
formation, shows that inequality is excluded and that the correspondence be- 
tween the two subspaces is one-to-one. A simple computation shows that T(X) 
has the group property 

(10.2.8) T{\i + X 2 ) = !r(Xi)r(X2). 


The functions a(^) for which limj_oo a(^) exists form a certain linear sul)spacc 
® of 2t. A sufficient condition that a(f) 6 S is that the order of a(f) is < 0 
and a necessary condition is that it is ^ 0. Now Ihc Laplace-Stieltjes transform 
of a(^) will exist for a particular X if and only if 2'(X)[a(|)] € 6, that is, if the 
order of 7’(X)[a(f)] is < 0 and only if it is ^ 0. From this observation we get 

Theorem 10.2.1. There exist two real numbers o-q and <xa such that the integral 
(10.2.1) is convergent for 5)i(X) > co , but not for any X with 9i(X) < o-,, , and it is 
absolutely convergent for 9i'(X) > o-„ , hit not for any X with 9J(X) < <Ta . We have 

(IG.2.9) — 00 g o-j, ^ g 00, 

and 


(10.2.10) 0-0 = lim sup Log II — a(|) || , 

{-*09 I 
1 

(10.2.11) cTa = lira sup - log i a*(«3) — a*(0 | , 

where a(oo) = ]im^-H.«» a© or 6 according as the limit exists or not and a^(oo) 
defined similarly. 
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We refer to 0*0 and tsa as tlie abscissas of ordinary and of absolute convergence respectively. 
A different abscissa of absolute convergence could bo defined by replacing the strong 
variation by the total variation in (10.2.11). There is also an abscissa of uniform con- 
vergence which lies between cto and Oa . We do not wish to introduce these notions here, 
especially as they may lead to added confusion in the case in which a{^) is an operator 
where we have to consider the uniform as well as the strong topology. 


Formula (10.2.6) shows that for 5R(X) > 0*0 


( 10 . 2 . 12 ) 


m = X 



e - a{co)]d^ + a(co). 


If dl{\) > max (o-Q , 0) we may omit a(Go) in this formula. We conclude that 
/(X) is holomorphic for 9t(X) > cro . Further 


ii/(x)ii = o(ixi), m) > ^0 + 6. 

From (10.2.4) we get that /(X) is uniformly bounded when 3i(X) > era + e. 
The derivatives of /(X) are given by 


(10.2.13) 


(X) = (^1)^ f 






9t(X) > 0 - 0 . 


Since /(X) is holomorphic*. in a lialf-plane and its ncjrm cannot grow faster 
than 0(1x1), it follows from the extensions of the principle of the maximum 
(see section 3.12) that its zeros must be distributed rather sparingly if the 
function is not to vanish identically. The classical instance of this observation 
is the theorem of Lerch which holds also for abstract Laplace-Stieltjes integrals: 


Tiieokem 10.2.2. ///(X) is holomorphic in > cro and if f{X) = 0 for 

X = Xo + n, n = 1, 2, 3, • • ‘ , IhenfOy) ^ 0. 


Proof. If x* G 3c* is a linear bounded functional, then 


x*[mi = X r 6'-^^rna(|)| di, 
Jo 


3i(X) > max(0, o-o), 


vanishes for X = \o + n and, ])y the classical theorem of Lerch, this implies 
i^*[/(X)] ^ 0. Since this holds for every a;* we have f(X) ^ 0. 

We note that a;*[a(^)] is also nomalized. Hence by the classical uniqueness 
theorem for Laplace-Stieltjes integrals a;*[a(^)] ^ 0 (not merely for almost 
all g) and this implies a(f) ^ 0. Thus the uniqueness iJworem also extends: 

Theorem 10.2.3. There cannot exist two dijf credit normalized representations 
of fix) in terms of Laplace- SticUjes integrals. 

In the classical theory it is shown that the product of two absolutely con- 
vergent Laplace-Stieltjes integrals is an integral of the same kind. Since only 
scalar multiplication has a sense in ordinary (B)-spaces, we have to be satisfied 
with a partial extension of this theorem. To simplify matters we introduce a 
slight restriction in the scalar factor. 
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Theorem 10.2.4. Lei 

7 (x) = r dm, m = r e-^^da(^) 

JQ 

be Laplace-Stieltjes integrals absolutely convergent for 9ft (X) > o’®. Here /3(g) 
is to he a continuous numerically-valued function of hounded vanation, /3(0) = 0, 
and a(g) is a normalized function of strongly hounded variation on [0, oo) to ?i. 
Then 

(10.2.14) t(X)/(X) = [ 

*^0 


(10.2.15) c(^) = / a(m v) d/3(i}) = j /3(? — v) da(,v), 

Jo Jo 

the integral being ahsohUely convergent for 9^(X) > o-a . 


Proof. We note that c(g) is defined for all g since /3(g) is continuous, the two 
expressions for c(g) being found to be equal by an integration by parts. We 
define i3(g) = 0 and a(g) ^ d for g < 0. We denote the variation of /3(g) in 
(— 00 , r}) by with similar notation for the strong variations of a(g) and 
c(g) . Wc have then 


c(^) 


= f /3(f ““ v) 

J— 00 


and from, this representation one concludes successively that (i) c(()) = 0, (ii^ 
c(g) is continuous, (iii) c(g) is of strongly bounded variation, and (iv) C:fc(g) g 
jS:<c(g)a^:(g) for allg. Without restricting the generality we may assume <ra = 0. 
Wc have then log/8*(aj) = o(a)), loga;};(a;) = o(co) so, by (iv), log c^{o)) = o(co) 
whence it follows that (10.2,14) is absolutely convergent for 5)t(X) > 0 = cr„ . 
To prove that the integral really represents the product 7 (X)/(X) it is enough to 
show that the linear functionals of the two sides of (10.2.14) are equal and 
this follows from the classical multiplication theorem for Laplace-Stieltjes in- 
tegrals, This completes the proof. 

The particular case 7 (X) = X””"* leads to the important representation 


(10.2.16) /(X) =X“ f (r^^d^am, 3{(X) > max (0, ao), 

Jq 

where 

(10.2.17) am = a - 4)“-' m dv 


is the fractional integral of a(g) of order a, 9t(a) > 0. This is a generalization of 
(10-2.12), using integration by parts of fractional order. The main value of 
this formula lies in the fact that it defines a fairly effective method of summation 
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for divergent Laplace-Stieltjes integrals which is equivalent to the arithmetic 
means (6^, a) in the right half-plane. The effectiveness is based upon the 
fact that if /(X) is of finite order and holomorphic in a half -plane, then X'’“/(X) is 
representable by an absolutely convergent Laplace-Stieltjes integral for suf- 
ficiently large values of 5)?(a) (cf. section 10.6). 

It is important to rcali:!e that (10.2.16) is actually a convergent representation of /(X) 
for 9t(X) > max (0, ao); this does not follow from Theorem 10.2.4 which asserts sometMng 
different, namely absolute convergence for §11 (X) > max (0, o-o). However, it is an easy 
matter to show that the integral converges for 01 (X) > max (0, o-q) by estimating the rate 
of growth of that of a(^) being known. To prove that the integral equals X“"/(^) 1^ 
is enough to show that the linear functionals are equal and this follows from another 
classical multiplication theorem for Laplace-Stieltjes integrals according to which the 
product integral converges if one of the factors converges absolutely, the other being merely 
convergent. In our case X"*^ has an absolutely convergent representation for §)fJ(X) > 0. 

10.3. Invexsion formulas. For the complex inversion formulas we need 
some preliminaries. With a slight change of conventional notation we place 

(10.3.1) si (^) = - f ^ dn. 

T 7) 

The following properties of si (^) are well known. It is a bounded fimction 
whose maximum M = 1.0894- • • is reached for ^ = '-r, while the minimum 
—0.28* * • is reached at ^ = tt. For small values of J 

si (j) = ^ + 0®, 

for large values 

si (f) = 0 f — > + ^, si (I) = 1 + -,co. 

We shall now prove the following lemma for DirichleFs integral which is 
well known in the numerical case: 

Lemma 10-3.1. Lei SH be ihe class of functions h{^) on ( — co , oo) to S such that 
hi^) 6 when f - oo and b(^) is of strongly bounded variation on (- oo, oo). 
Then 

(10.3.2) 1 0 )) = lim - [ b(f + t}) dy 

exists for ail real f and w and is absolutely continuous in ^ on every fmik inimial 
Further 

(10.3.3) b{i I co) = f si (oiri) dj)(^ + n) = f si[o>((r - |)] db(<r), 

(10.3.4) |co) II ^ M&*(oo), 

(10.3.5) lim | oj) = |[6(? — 0) + b(^ + 0)] 



208 FUNCTIONAL ANALYSIS AND SEMI-GROUPS [§1 

for every TJw limit exists uniformly with respect to ^ in any closed interval of 
continuity of h{^). 

Remark. It is perhaps necessary to observe that | oj) is ordinarily not a member 
of 35. A counter example is given by the characteristic function of the interval (jS, w) 
in the numerical case with 6 | w) = si [co(|S - 01- It is true, liowovcr, that lim^->-Qo6(^ | w) = 
for all elements of 35. 

Proof. Formula (10.3.3) is proved by integration by parts under the limit 
sign, in (10.3.2), and (10.3.4) is an immediate consequence thereof. We recall 
that b*(cr) is the strong variation of b{^) in the interval ( — , o-). That h{^\co) 

is absolutely continuous in f follows by differentiation with respect to f under 
the sign of integration in the last member of (10.3.3) which leads to an absolutely 
convergent integral. To prove (10.3.5) we break up the interval of integration 
in the second member of (10.3.3) into six parts denoting the integrals from 
left to right by Ii to h . The partition points are taken at $ = —o)”', — 

0, co“^, oTK Using the properties of si (J) stated above, we see that 

h = &(S - c.-^) + 0(0)*”'), 

II h II ^ M[h{^ - co"-) -- &*(f - co'~“)], 

h = im) - &(? - + 0(0)-^), 

h = MK? + ^) ” b(^)] + O(co ^), 

II Is II ^ ^^[^*(^ + w 0 + w ")], 

h = 0(0)-^), 

where all the 0-estimates hold uniformly with respect to ^ in (— go, oo). From 
these relations (10.3,5) follows. This completes the proof. 

We can now prove the complex inversion formula: 

Theorem 10.3.1. Let f{\) he defined by (10.2.1), convergent for 9t(X) > o-q , 
let 7 > max (0, (tq) a7id set 

1 ^7-h-iw 

(10.3.C) a(?|^) = ^ . 

mTT'I tdi) A 

Then 

f ? > 0, 

(10.3.7) lim a(? | o>) = f|a(+0), ? = 0, 

1 0 , ^ < 0 . 

The limit exists uniformly with respect to ^ in any finite interval of continuity of a(4‘). 

Proof. We substitute (10.2.12) for/(X) in the definition of a(^ | co) and inter- 
change the order of integration as we may do using the Fubini theorem. It 
follows that 
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(10.3.8) 


«(? I w) 


if" <•(•.) 

TT Jo 




^ -7? 


Since 7 > cro , fomiula (10.2.10) shows that the integral is absolutely convergent. 
Setting b(^) = a(^)c“”^^ for ^ ^ 0 and = 0 for ? < 0 Avith h{^ j oj) = a(J | 
we see that b{^) satisfies the conditions of the preceding lemma and that Z>(S 1 
is defined by formula ( 10 . 3 . 2 ). Since a(|) is normalized for { 7 ^ 0, so is 6 ({), 
and the desired result follows from the lemma. 

Applying this theorem to formula (10.2.16), we see that for 91(0;) > 0, ^ > 0, 


(10.3.9) lim 


_L f 

^Tri J 7~i 




/(X) 


dX 


= -^ / (? 
r(a) Jo 


77)“ a(7}) dv, 


the limit being 0 for ^ < 0 . 

For the applications which we have in mind an inversion formula for Laplace 
integrals will also be needed. 


Theorem 10.3.2. Let g(i) € B[{0j co) ; J] for every finite co and let 

(10.3.10) /(X) == [ e-^^g(S) 

•Jq 


be absolutely convergent for 5R(X) > Ca • Lety > max (0, era) and set 

(10.3.11) Ico) = “{1 - y} dr. 

Then limc_« ffi(? | oi) = !?(?) for almost all positive ^ and equals dfor^ < 0. The 
limit equals i[gh + 0 ) + g{^ - 0 )] whenever this expression has a meaning. 
The limit exists uniformly with respect to ^ in any finite interval of continuity 
of giO- 


Proot. We substitute (10.3.10) for/(X) in the definition of gx{^ | w) and inter- 
change the order of integration obtaining after some simplification 

Put h{0 = f/(?)e-'^ or d according as ? > 0 or < 0 with hf^ \ of) = gii^ \ of)e "'L 
Since t > ffa , ^(?) € B[Ei •, X] and 


i(? I «) = f - a; co)h(a) da 
Jo 


with 


F(^; «) = 


2 sin" (w/3/2) 


■KO> 




It is''a simple matter to verify that the Fej^r kernel satisfies all the conditions 
of Theorems 3.7.1 to 3.7.3 and condition (4') with ah = Ms = It follows that 
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I co) tends to /i($) when o) co, in the mean of order one as well as point- 
wise in the Lebesgne set of Since the Lebesgue sets of g(^) and h{^) are 

identical, the conclusions of the theorem are immediate. 

The theorem shows that the integral 



is summable (C, 1) to (j(^) almost everywhere if .f(X) is the Laplace transform 
of (j{^) and 7 > max (0, era). It is clear that other methods of summation could 
be used for the same purpose. 

The two preceding theorems express the determining Junction a(^) or g{^) 
in terms of the values of the generating function fiX) on vertical lines in the half- 
plane of convergence. There arc many other means at our disposal for the 
solution of the inversion problem. Methods involving the values of /(X) at 
the positive integers or the values of /(X) and its derivatives at some fixed point 
are available but vdll not be considered here. Another class of methods in- 
volves the values of /(X) for large real values of X. Here the oldest method 
is that of E. Phragm<5n [1] wdiich extends easily to the abstract case. 

Theorem 10.3.3. Lei /(X) satisfy the assumptions of Theorem 10,3.1 mid set 

(10.3.12) ao(^|w) = E 

710=1 n ! 

Then 

( (1 - e“V(^ - 0) + e-'a(S + 0), f > 0, 
lira Ooi^ I w) = j e ^a(+0), ? = 0, 

“■*" i 0 , ^ < 0 . 

IJ a(^) is absolutely continuous, o'(|) = 17(g), then 

lim f aa(^ I 0)) = f/(g), g > 0, 

w— >0Q Uq 

in the Lebesgue set of r/(^). 

Proof. Here we have the representation 

(10.3.13) ao(^ I co) = f E{^ — a; co)a(a) da, 

Jo 

where 

E{j3; (d) = 0 ) exp [o)p — 

is the derivative with respect to of the discontinuous factor of II. von Koch, 
It is an easy matter to verify that this kernel satisfies the conditions of Theorem 
3.7.2 including condition (40 with jui = 1 - ^““0 === This proves the first 
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a.ssertion. Replacing a(0 by g(^') in (10.3.13), the value of the integral be- 
comes dooi^ 1 u>)/d^ instead. But E(/3; w) satisfies the conditions of Theorem 
3.7.3, taking P(/3; w) = and this proves the second assertion. 

A different class of inversion formulas has been investigated very thoroughly 
by D. V. Widder after preliminary work by E. L. Post. We shall consider 
only one of Widder’s operator’s 

( 10 . 3 . 14 ) L>jm = (I) ay' 

which is defined for large values of k for all f > 0. 

IAeorem 10.3.4. 7//(X) w Laplace transform of g{^) 

lim L;p.£[/(X)] = g{0 

}s-^ao 

in Ihc Lebesgm set of (?(|). 7//(X) is the Laplace-Stieltjes transform of a{& tkm 

lim U.[/(X)] dr = a(?) - a(-l-O). 

Prioor*'. In the first case we are led to the representation 
Am1/(X)] da, 


where 




The substitutions . = ^ lead to the singrrlar integral 

f ir(r - r!;%(e^) dT-, 

J—oa 


where 


Wirt) ^ exp [{k + 1)7 - LeW 


This kernel satisfies the condrtrons of Iheoiem 3.7 3 

exp [-/C7V2] so that the limit of the rntegral rs gie ) = giO m the Lebesgue 
Lt Since the conditions of Theorem 3.7.2 also hold, rncludrng (40 wrth = 
= I, we have 


w 


lim 


whenever this expression has a meaning. 


Lfc,£[/(x)] = + 0) + gi^ - 0)1 
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For the proof of the second part we note that 

LkA.m] = I j[ T'Fo da{<T) = e-^Ffr -n;k) daU:^) 

= - r ~ \e-lV(r - ni /.0]a(O dr 
J—oa OT 

*J~ 00 

Hence 

rh rV2 

/ Lk,^[f(X)] (/r? 

rv2 ^ 

= / e”-" ^ [eMr(r - 77; /o)]a(e^) tfr drj 

^ 7)1 *Voo 07 ] 

e-^mr - r,W,la(/) dr. 

"When /f — > oo this expression tends to 

aCfi”) - oCc”’) = afe) - nfe) 

by virtue of the Remailc appended to Theorem 3.7.2. Here we have- assumed 
that a(^) is noimalized as usual. For = ?, > 0, we obtain the limit a({) - 

a(-fO) which is the required result. The interchange of the limit passages 
k CO and |i 0 can be justified and it can also be .shown that /j*,j[/(X)] is 
absolutely integrable down to zero. We omit these d(;tails. ^\n im[)ortant 
consequence of the theorem is the following 



Theorem 10.3.5. ///(X) is ih: Laplace transform of p(|), then || //($) |j g il/ 
almost all ^ > 0 if and only if for all \ > 0 and k = 0, ,1 , 2, • • • wr haw 

(10.3.15) X''''Ml/®(^) II g Mkl. 

df /(X) is the Laplace-Slieltjes transform of a(f) then a*(to) g M + ||/(“) || 
if and only if for k - 1, 2, 3, • • . 


(10.3.16) f X"-' II /‘"’(X) (I dX g il/a - 1) ;. 

Jo 

Proof. In the first case 


x^-+Mir’(x) II = 


f «"'*(X#(7(?) rf(X?) ! 

Jn 


^ Mk\ 


if ||!7(?) il ^ M almost everywhere, so (10.3.15) is nece.ssaiy. In tla; second 
case 


[ X^-i II /<«(X) II d\ ^ f f dx da,(i) = (k -1)1 f da,(t) 


(fc i)![a>j:(co) — a:jc(+0)] ^ M{k — 1)!, 
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where we have used that OicC+O) = ||/(“) |1. Thus (10.3.16) is necessary. 
To prove the sufficiency we note that the first condition implies |1 i4,j[/(X)] || ^ 
for all the second that H T)fc,r[/(X)] 1| dr g M; since /(X) is assumed 
to be the Laplace transform of ?(?) in the first case and a Laplace-Stieltjes trans- 
form in the second, the preceding theorem ensures that || g{^) || ^ ilLfor almost 
all f or a*(oo) — a+(+0) g M respectively. 

Similar conditions can be formulated for the case in which g{^) € ^^[(0, oo) ; 3£], 
1 ^ p < CO, and /(X) is the Laplace transform of ?(?). Widder has shown 
in the numerical case that the conditions of Theorem 10.3.5 and its extensions 
are sufficient to ensure that the function /(X) be a Laplace or a Laplace-Stieltjes 
transform. His argument seems to hold for any abstract space in which bounded 
sets are weakly compact, but it is not clear at the time of the present writing 
whether or not his conditions are always sufficient for the existence of the 
representation. 


2. Functions Holomokphic in a Half-Plane 

10.4. The classes Hp{a; X). We shall investigate various classes of func- 
tions /(X) which are holomorphic in a fixed half-plane a > a, \ = <t + it, and 
have values in a fixed complex (B)-space X. In addition /(X) will be subjected 
to different types of boundedness conditions. We start with the classes Hp{a] X) ; 
for the properties of numerically-valued functions of the class Hp{a) which will 
be used in the following, we refer to the papers by E. Hille and J. D. Tamarkin 
where further literature is quoted. 

Definition 10.4.1. /(X) G Hp{a; X), p fixed, 1 g p < «>, 

(i) /(X) is a function m complex numbers to X which is holomorphic for a > a; 

(ii) sup,>« !J-»il/(o' + *r) 11’’ dr}''” = 11/ lU < °°; 

(iii) lim,_a/(cr -j- ir) s f(a -b ir) exists for almost all values of r and 
i{oi -{- ir) G Hp[( 00, 0°); S]. 

For the definition of the class Bp[S\ X], -S' = (- =o , ®), see the remarks after 
Theorem 3.6.4. Assumption (iii) is probably redundant; we assume it explicitly 
to obviate the need of a lengthy digression. It is known that /(<r + fr) con- 
verges weakly when a — ^ a for almost all r. More precisely, for every linear 
bounded functional x* G X*, we have x*[/(X)] G Hp{a) and lim,^, x*[/(<r + ir)] 
exists for almost all t, where, however, the exceptional set may depend upon 
X*, and the limit function belongs to Lp{— ®, ®). 

Theorem 10.4.1. If /(X) G H,(a; X), ihm f{\) is represenM by its proper 
Cauchy and Poisson integrals for <r > a, thai is 
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(10.4.1) 

(10.4.2) 


1 r 


■+<" /(,) 


d}x, 


„ , . X a — a C ./(a + ^/3) 

f{a + it) = / r yTTTTZ mV 

TT J-oo (cr — a}- + (r —p) 


Peoof. The integrals exist by virtue of (iii). In order to prove that they 
have the value /(X), it is enough to observe that the functionals agree. Thus 


(27rf Ja—ioo X fX j ^TTZ la— too X fX 


dfx = 2;*[/(X)| 


since a!*[/(X)] € Hp{a). This being true for every x*, formula (10.4.1) must 
hold and similarly for (10.4.2). 



ii 


Theorem 10.4.2. J//(X) € Hp{a; $), then 

(10.4.3) ||/(cr + ir) II 5 [via — 11/ I!p. 

and for fixed 6 > 0 

(10.4.4) lim ||/(« + 5 + pc*'^) || = 0, — ^ ^ ^ 

p—^OQ ^ M 

uniformly in xj/. 

Proof. The inequality follows from (10.4.2). The integral of the Poisson 
kernel over the range — co < r < co being identically one, a cdassical use of 
Holder’s inequality gives 


I f(, + ir) ||>> 5 r 

TT X-oo [a — aj- 


(10.4.5) 


{a — a)- + (r — /S)- 
g [via - a)r‘ r Wfia+mifdli 

OQ 

= W<r - ainil/lUl", 


which is the required estimate. From this it follows that (i, 0.4.4) holds uni- 
formly in every sector — Itt + e ^ g Itt — e. In order to prove the 
sharper assertion made above, we assume r > 0, and write the int(^gral in 
the second member of (10.4.5) as the sum of two integrals, one from — x to 
r/2 and the other from r/2 to cc. Thus 

||/(<r + ir) ir g 4-:::^ f'Wf'a + m ll" + ---i f" Wpa + Hi) II" d/1 

TTT V— CO TTxCT CX.j Jf/S 


^ 4 


cr — a 


+ 


Trio 


-> /■ ii/(» 

a) Jrn 


+ ;/3)|i" d/1 


and this tends uniformly to zero when X — > « in such a maiiiun- that a- ^ « 4- 5 
and aT~^ 0. There is a similar inequality for negative values f)f t. 'These 
inequalities together with (10.4.3) sufhce to prove (10.4.4). 
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Theokem 10.4.3. If f{\) € Hp{a; 3£), theri 

(i) hmo^a ||/(cr + ir) - f{a + ir) \ \^ dr = 0, 

(ii) T{(j]f) ^ J!!w ||/(cr + ir) 1|^ dr is a continuous monotone decreasing func- 
tion of a for a ^ a, hi particular^ T{oi\ f) = [ ||/ and T{^\f) = 0. 

Phoof. As in the classical case, one proves that the integral in (i) does not 
exceed 

r r w f (a + ifi) - /(« + iy + ip) ir dp. 

'jT J-oo {a — a)^ + 7 ^ ^-00 

By TlieorcroB 3.6.3 and 6.10.1 the second integral is a continuous function of 
7 which equals zero when 7 = 0. By a well-known property of the Poisson 
kernel, the repeated integral consequently tends to zero when a* a proving 
(i). The first two members of (10.4.5) give T((r; f) ^ f) for all cr > a. 
But in the representation (10.4.2) we may replace a by any quantity co , a < 
cTo < cr, since eveiy /(X) in Ilpia; S) also belongs to Ilpicro ; 36). This gives 
T(a; f) g T((to ; f) when cr > cry , SO that T(cr; /) is a decreasing function of a. 
That ?X(t;/) is continuous for cr = a follows from (i). Since (i) also holds with 
a replaced by cro , a < cro < c, we conclude that T(<r;/) T{cro ;/) when a ctq . 
This completes the proof since the statements concerning T{a] /) and T{oo ; /) 
are obvious. 

TJw class Bp{a\ X) is evidently linear] it becomes a metric space under the norm 
\\f\\p and it is a simple matter to prove that it is complete, so that it is a (B) -space. 

10.5. Order relations. So far p was supposed to be finite. We say that 
/(X) € X) if it is holomorphic and bounded for cr > a and limff-^«/(cr, + ir) 

exists for almost all r. //«,(«; X) is a {B) -space under the norm 

ll/IU = sup 11/(0- + iV) 11 . 

tr> a 

The representation of /(X) by Poisson’s integral, formula (10.4.2), is valid also 
when p = CO while most of the other results of section 10.4 become meaningless 
or false. 

We shall need some properties of unboimdcd functions whose rates of growth 
arc properly limited. 

Definition 10.5.1 . Let /(X) be a function on complex numbers to X, holomorphic 
for (T a, except at infinity. Let M(p; /) = max || f{a + pef'^) \\for — ^tt g 
We say IhatfiX) is of finite order w in this half-plane if 

(10.5.1) lim sup log ikf(p; /)/log p = w. 

p — >-00 

It is of finite order on vertical lines in the half -plane if 

(10.5.2) lim sup log i|/(o- + ir) ||/log 1 r | = p(o-) 

jr I ~^oo 
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is finite for <r ^ a. Finally, /(X) is of exponential type in the half-plane if 
(10.5.3) lim sup p"* log M(p;/) = ^ < co . 

p.— t-oo 

It is of minimal type if ^ — 0, normal type if ^ > 0. 

It is clear that if /(X) is of finite order in o- ^ a then it is of finite order on 
vertical lines and m(o') ^ The following analog of a classical theorem of E. 
Lindelof is less obvious. 

Theorem 10.5.1. Letf(\) be holomorphic and of exponential minimal type in 
the half-plane <r ^ a and suppose that uia) is finite. Then /(X) is of finite order 
uia) in ike half-plane in question. Further, fi{a) is monotonic non-increasing, 
convex, and continuous for c S a. 

Proof. Let 7 be fixed, 7 > M(a), and consider (jr(X) = X ^/(X). Without 
restricting the generality, we may assume that a ]> 0 so that gfff) is holomorphic 
for 0- ^ a and bounded on a- = a. By a classical Phragmdn-Lindelof argument 
or using Theorem 3.12.4 we see that |1 fif(X) || is bounded for v ^ a, that is, 
/(X) is of finite order to ^ 7 in this half-plane. This being true for every 7 > 
p.{ci), we have to ^ niot). On the other hand, l|/(a d= ip) || ^ Mip-,f), so that, 
comparing (10.5.1) with (10.5.2), we find that ju(a) ^ to and hence to = pia). 

By the preceding argument X’’V(X) is bounded for 7 > p((ri) when tr ^ cri 
and, in particular, on the line tr = cj if tri < tra . From this we get that p(<ri) ^ 
mCo-i) + e for every e > 0. Plence ^(0-2) g p(<ti) so that pia-) is never in- 
creasing. For the convexity proof we refer to Lindelof’s article [2, p. 3 et seq.]. 
A monotonic never increasing convex function being necessarily continuous, 
we have completed the proof. 

Other growth measuring functions will be introduced in sections 10.7, 10.8, 
13.3, and 13.6. 

10.6. Representation by Laplace integrals. We shall show that every func- 
tion on complex numbers to X which is holomorphic and of finite order in a 
closed half-plane may be represented by a generaiiaed Laplace integral. We 
start with functions of the class llp(a; X). 

Theorem 10.6.1. Letf{\) € Hp(,a-, X) where a ^ 0. Let y > a and fip' > 1 
where \jp -jr 1/p' = 1. Then 

(10.6.1) ap(j) == e^^p-^fip) dp 

iSTTit *1 7— -100 

defines a continuous function on (0, co) io X and 

(10.6.2) /(X) - X^ r e-^^ap(i) dj, 
tfw integral being absolutely convergent for cr > a. 
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Proof. That the integral defining a^i^) exists follows from Holder’s in- 
equality. Since the integral converges uniformly with respect to ^ in every 
finite intex'val, a^i^) is continuous. The usual argument shows that the integral 
is independent of y when y > a and if a > 0 we may even take y — a. In this 
case, a simple computation shows that || a^{^) || ^ if a = 0 we get instead 
11 a^(^) II ^ M{e)e'^ for every e > 0. It follows that the second integral is 
absolutely convergent for a > a. In order to find its value, we substitute the 
integral for interchange the order of integration, and use (10.4.1). The 
details are left to the reader. 

Remark. If p == 1, we may take /3 == 0, obtaining 

(10.6.3) /(X) = f e-^^ao(^) d^. 

By analogy with the numerically- valued case, we would expect the same repre- 
sentation to hold also for 1 < p ^ 2 with an ao(?) such that G 

; 3£]. We do not know if this is actually so; since Bochner has shown 
that Bessel’s inequality does not necessarily hold for functions in B 2 [S] X], the 
basis for a satisfactory Fourier transform theory seems to be lacking when p > 1 
and this closes the usual avenue of approach to the Laplace transform theory 
as well. 

Theorem 10.6.2. Let /(X) le holomorphic and of finite order oj in the half- 
plane a ^ a. Then exists as a continuous function o/ ^ /or /3 > co + 1 and 

(10.6.4) /(X) = X^ [ e"^*c^^.(f) d^, 

Jo 

convergent for cr > max (0, a). 

The proof is analogous to that of the preceding theorem and is omitted. 

We see, in particular, that if /(X) is holomorphic and of finite order in a given 
half-plane cr ^ a ^ 0 and if o-i > a, then formula (10.6.4) holds for cr > cri pro- 
vided p > M(cri) + 1. Increasing the value of is a convergency preserving 
transformation which enables us to represent /(X) by Laplace integrals in the 
largest half-plane in which /(X) is holomorphic and of finite order. As applied 
to a^(^), this transformation amounts to a fractional integration. Indeed, we 
read off from formula (10.2.17) that 

0|3+Y(f) = I 


( 10 . 6 . 5 ) 
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3. Binomial Series 


10.7. Properties of the series. Functions which are holomorphic and of 
exponential type in a half-plane pla^'' an important role in classical analysis. 
They are equally important in vector-valued function theory. Such functions 
admit of representations in terms of hinomial series^ also Imown as bmoniial 
coefficient series or Newton’s interpolaiion series. We shall sketch the theoiy of 
such series here since they -will be- used extensively in Chapter XIII. 

A binomial series is an expansion of the foim 


(10.7.1) 


Uq + Ui Y + 


UrO 


rCr - 1) 
1 • 2 


-h • ■ • H- 




- 1) • • • (f - 71 + 1) 
i • 2 . . . n 


+ ... 



where in the vector-valued case the quantities Un sire elements of a complex 
(B)-space U. In the applications which we have in view, U will be a space 
(g(X), that is, the coefficients Un will be linear bounded operators on a complex 
(B) -space 36 to itself. 

The series converges trivially when f is a non-negative integer sine (3 all but a 
finite number of terms vanish. If the series converges for f f o , where fo 
is not zero or a positive integer, then one shows with the aid of Abel’s summation 
formula that it converges for every f with > SlKl’o)* Moreover, the con- 
vergence is unifomi with respect to f in every finite closed sector, having its 
vertex at f = f o but lying otherwise in the interior of the half-plane. Thus the 
region of convergence is a half-plane ^ > 0 * 0 , f ^ + f??, to which has to be added 
the trivial points f = 0, 1, • • • , [cro], and possibly also a point set on the line of 
convergence ^ = ctq . Further, the sum of the series, /(f) say, is a function on 
complex numbers to U which is holomorphic for ^ > tro by virtue of the uniform 
convergence. Similarly, the region of absolute convergence is a half-piano 
^ > (To phis, possibly, the line of absolute convergence f == (r „ . 

The abscissas of ordinary and of ahsolufr. convergerm are given by 


(10.7.2) 

(10.7.3) 


cro 


= — 1 -f lim sup log 2 (-1)^'“ 


ft-pO 


log n, 


CTa 


-1 + 


r n 1 / 

lim sup log L' I i 1 1 / log II, 


whenever these limits are positive. If the first one is zero, but the series 
(“-*l)^u* diverges, (Tq is still given by (10.7.2); if it converges instead, wo 
have to replace 


w 


Hi-lfu, 


by 


00 


E (-1)^ 


ak 


in the formula. Analogous changes have to be made in the second formula. 
The reader will have no difficulties in verifying these formulas; cf. N. F. Norlund 
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[2, pp. 111-115] where s — 1 should be replaced by f and absolute values by 
norms in carrying over the proof. It is obvious from the formulas that 

(10.7.4) 0 ^ tra - VO ^ 1. 

The expansion of a numerical function in binomial series is not unique owing 
to the presence of null series. If m is a positive integer, the series 

= I . (-«-(:)(0 

converges for ^ > m to the sum zero. It has the same sum for f = 0, 1, 

m — 1, and equals one for f = m. This fact may be used to obtain the so-called 
reduced series for /(f) , We shall suppose that /(f) is laio\\TL in advance to be 
holomorphic in a right half-plane and to be defined at the origin and the positive 
integers. We can then find coefficients To ? Ti , * ‘ * j Tp , where p = [(To], so that 
the function 

m + i 

has a binomial expansion convergent for S > o-q , the sum of the series being 
f(m) for f == m, = 0, 1, • • • , p. The resulting binomial series is known as 
the reduced series. In the following ail binomial series will be supposed to 
be reduced series. 

In the case of a reduced series, the coefficients Un are uniquely determined by 
the values of /(f) at the non-negative integers. We find by substitution that 

(10.7.5) = i: (- 1)"-^ (i) f{k) = A7(0), n = 0, 1, 2, • • • . 
The function /(f) may also be repre,sented by a Laplace integral of the form 

(10.7.G) /(f) = d\, 

(10.7.7) g{\) = £ A7(0)(X - = E/(«)^"'‘"‘, 

n «0 

where the first series converges for [ X — 1 | > 1 and the second for | X | >2. 
Further 

(10.7.8) . lim |xr-‘+‘ii!7(X)l| = 0 

X -^0 

for every « > 0, if X —i- 0 in the sector + 5 g arg X g 3 • — 5. Finally 

C is a closed rectifiable path, surrounding the circle | X — 1 | = 1 once in the 
positive sense, beginning and ending at the origin in the neighborhood of which 
the path lies in the sector just mentioned. The power has its principal deter- 
mination, X^ = exp (f logX), where the imaginary part of the logarithm lies 
■ between — /r and x. These assertions are easily verified by direct computation; 
see also section 13.6 where a special case is carried through in some detail. 
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The function /(f) defined by (10.7.1) for ^ > o-q is of exponential type in every 
interior half-plane, li ^ > ao and if 

(10.7.9) hicj)if) = lim sup log ||/(/3 + re"^) || 


is the Phragmkh-LindddJ growth function of /(f) defined for — Itt ^ ^ -W, 

then 

(10.7.10) h(<t^;f) g U) 
where 

(10.7.11) lict>) = + cos( 5 {>log (2cos0), 


and log 2 ^ Z(0) ^ More precisely, we have the estimate due to F. 
Carlson [2] 


(10.7.12) II /(l3 + || g exp [rl((j))] + r cos (f) ^ 


where e(r) tends uniformly to zero when f tends to infinity in the sector. Tlie 
proof goes through as in the numerical case, replacing absolute values by norms. 
The crux of the proof lies in showing that 



< Cr^ exp [rZ(<^)] 


for all n when r is large and that the terms which have the greatest influence on 
the order of /(f) are those whose subscripts lie in a certain neighborhood of 
the critical value r/ (2 cos (f) for which the estimates of the binomial coefficients 
may be reversed. We do not insist on these details, but add the observation 
that l{(j>) is the function of support of the closed convex region 

(10.7.13) e* g 2COS1J, 

•which in its turn is the image of the circle | X — 1 | g 1 under the conformal 
mapping X = e^ 


10.8. Representation and analytic continuation. Conversely every func- 
tion /(f) which is holomorphic for ^ ^ i3 and satisfies an estimate of the above 
type can be represented by a convergent binomial series. This is proved m 
in the numerical case, that is, using Newton’s interpolation formula, expressing 
the remainder by Cauchy’s integral and estimating its norm. See Norlund 
(op. cit., p. 131 et seq.) . The result may be formulated as follows : 

Theorem 10.8.1. If fit) fs a function on complex numbers to U, holomorphic 
in the half-plane ^ ^ 0, where it satisfies the inequality 

(10.8.1) •||/(^ -t- re^) II ^ /''«(! -f 

2 2 
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and the function e{r) tends uniformly to zero when r tends to infinity ^ then /(f) 
may he expanded in a binomial series ^ of type (10.7.1), the abscissa of convergence 
of which does not exceed the larger of the two numbers 7 + 

A numerical binomial series may be summed by the method of Cesaro which 
in the present case is equivalent to applying the transformation f' = f + /c. 
The much more powerful transformation f' = af has been used by Norlund; 
it gives the analytic continuation of /(f) in the largest half-plane where it is 
holomorphic and of exponential type. This method applies also to vector- 
valued functions. Indeed, if /(f) is holomorphic in ^ ^ and 

||/(/3 + re'*) II ^ ^ ^ g 

then we can clearly determine a positive a so small that/(af) satisfies (10.8.1) 
and is consequently representable by a convergent binomial series in the vari- 
able f. This implies a convergent binomial series in the variable f/o; for the 
original function /(f) . Since min l(<t)) = log 2, it suffices to take a g (log 2 )/B. 
In particular, if /(f) admits of a' representation by a binomial series in f, then 
it is also representable by a binomial series in f/a for 0 < a < 1. Let cro(a) 
be the abscissa of convergence of the binomial series in f/a. Then croia) is a 
never decreasing function of a which is completely determined by the rate of 
growth of 1 1 /(f) II on vertical lines. 

With Norlund we introduce 

(10.8.2) T(f) = l™ sup I V r* log 11/(1 + iv) II , 

which is clearly well defined in the largest half-plane in which /(f) is holomorphic 
and of exponential type. Let fo be so chosen that /(f) is holomorphic and of 
finite exponential type for f ^ + < when e > 0, but lacks at least one of these 

properties for f > & — e, no matter how small e is. The function y{^) is defined 
for J > ?o and has properties analogous to those of Lindeldf’s function n{a) of 
formula (10.6.2); 7(f) is monotonic never increasing, convex, and continuous for 
I > $0 , Init, in addition, it is non-negative. All these properties follow from the 
Phragm^n-Lindelof extension of the principle of the maximum. 

Let (ao , ai) be the largest interval such that the equation 


has a solution, which is necessarily unique, say <r = o-o(a), when 0 g ao < a < 
ai g CO. This is the required abscissa of convergence. For 0 < a g ao 
we have <ro(«) = o-o(ao), for ai < a, (ro(a) = -f «. Further (ro(«) is monotonic 
never decreasing and continuous for ao < a < ai . These assertions are proved 
as in the numerical case. For future reference we formulate the result as 
follows: 
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Theorem 10.8.2. Let /(f) he a function on complex nmnhers to U which is 
holomorphic and of exponential type /or | ^ + « when e > Q, hut lacks at least 

one of these properties for ^ — e,no matter how small e is. If > 0,we assume 

in addition that /(f) is defined for all real non-negative values of f. Let 7 (^ 0 , 
(ro(a;), ao , and ai have the meaning defined above. Then 

(10.8.3) m = Z A„”/(0) r(f - c.) • • • (f - (n - l)a), 

n =0 n\ 

where the series converges for J > & when 0 < a g ao , and for ^ > cfq { ol ) when 
ao < a < ai . The series fails to converge for any non4rivial value of f when 

ai < a. 

It should be observed that the values assigned to /(f) on the interval [0, Jo] 
are actually hnmaterial Changing these values merely adds a null series to 

(10.8.3) and does not change the abscissas of convergence. 


CHAPTER XI 

GENERATOR AND RESOLVENT 


11.1. Orientation. Further study of the semi-group @ = {r(?)) of linear 
bounded transformations on a complex (B) -space to itseh centers around the 
properties of the generating transformation A and its resolvent R(X; A). The 
Laplace transform turns out to be the natural intermediary between T{^) and 
E(X; A). 

The following simple case will elucidate the situation. We take , 

the space of complex numbers with the usual metric, and consider linear trans- 
formations on Zi to itself. Here 

Tm = 0 < ? < 00 , 

defines a one-parameter semi-group of linear transformations, the generating 
transformation being 

Ar = 


with the resolvent 


Ri\-, A)f = ^ r- 

A — a 


The function (X — a) ‘is the Laplace transform of 



forSli(X) > 9i(a). Conversely 


JL f 

2']ri Ja A — a 


for a suitable choice of the path of integration. 

Using the heuristic correspondence principle a A ^ then 
(A — A) and we arc led to the relations 


( 11 . 1 , 1 ) 


m = E(X; A), 
Jo 


( 11 . 1 . 2 ) 


e^«R(X; A) dX = m. 


m), 


Thus we would expect the resolvent of the generator to be the Laplace transform of the 
semi-group operator T {^) , conversely the latter should he obtainable from the resolvent 
(yij the inversion of the Laplace integral. 

223 
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These expectations turn out to be fully justified but there is of course the 
usual difference between the uniform and the strong case when it comes to 
the interpretation of the formulas. The fact that R{\; A) is holomorphic at 
infinity in the uniform case (and only in this case) simplifies its discussion. 

The relations between R(\; A) and T(^) provide the subject matter of the 
present chapter. There are two paragraphs corresponding to the uniform and 
the strong cases respectively. 

References. Fukamiya [1], Gelfand [3], Hille [9], Stone [1]. 


1. The Uniform Case 

11 . 2 . The resolvent. We suppose that iQ is a complex Banach algebra with 
unit element e. Let /(?) be a measurable function on ( 0 , oo) to S siich that 
for all ^2 

It was shown in Theorem 8.3.1 that /(f) is necessarily continuous for f > 0 
but need not approach any limit when f 0. Under the additional assumption 
that lim^_,o/(?) = e, it was shown in Theorem 8.4.2 that there exists an a G 93 
such that 

/(f) = exp (fa) = L a" 

n «»0 1 

and this function is also defined and satisfies the functional equation for complex 
values of the scalar variable. 

We may consequently restrict ourselves to a study of 

( 11 - 2 - 1 ) /({•) = exp (fa), a € ig. 

The assumption that /(O) = e rather than an arbitrary idempotent / 7 ^ e is 
natural since we want to consider the resolvent of 0 . Otherwise we have to 
restrict ourselves to the subalgebra /S 8 / in which j plays the role of unit element. 
It is clear that 

lim sup Log II exp (wo) || g || a || 

(*>“♦00 CO 

so that the Laplace integral (note that = exp (— Xf)) 

(11-2.2) i?(X) = f exp (fa) df 

Jo 

exists and is absolutely convergent for 5R(X) > 1| o Ij. For such values of X 
we may compute the value of the integral by substituting the power series of 
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exp i^a) and integrating term-wise. The result is 

(11.2.3) Ri\) = E = R(\- a) = (Xe - a)“\ 

n=0 

This function is of course holomorphic for [ X | > || a || and the spectrum of a 
is located inside the circle | X | = \\ a \ \. Since exp (fa) is an entire function 
of order one and type g || a || in the sense of section 3.12, the integral in (11.2.2) 
may be taken along an arbitrary ray arg f = instead of along the real axis 
in the f-plane. The integral will then converge absolutely for 9t[X exp (f^j?)] 
> II a II and represents i?(X; a) in this half-plane. We have thus proved: 

Theorem 11 , 2 . 1 , If a £ ^ is the generating element of /(f) so that /(f) = 
exp (fa), then R(\] a), the resolvent of a, is the Laplace transform of /(f). 

11.3. Inversion of the resolvent. We can invert this Laplace transform 
using any one of the methods developed in section 10.3. Since i?(X; a) is holo- 
morphic at infinity, the situation is more favorable than in the general case 
and the inversion formulas give more. The best result is given by a formula 
which does not have a meaning in the general case. 

Theorem 11.3.1. If V is a simple closed rectifiable curve surrounding the 
spectrum of a in the positive sense then 

( 11 . 3 . 1 ) exp (fa) = ®) 

Peoof. r may be deformed into a circle jX] = p > llal|. Substituting 
the power series in 1/X for E(X; a) and integrating term-wise, the power series 
for exp (fa) is obtained. We note that (11.3.1) represents exp (fa) for all com- 
plex values of f . 

The information obtained from Theorem 10.3.2 is not quite so good. To 
start with we see that for 7 > || a | 1 , f real positive 

-Y+ioo 

exp (fa) = iC, 1) - e^^RiX-, a) dX. 

Zirt J 7 —too 

Actually, however, the integral exists in the Cauchy sense and we have even 

(11.3.2) exp (fa) = e [ii!(X; a) - i] dX, 

where the latter integral is absolutely convergent since the expression in square 
brackets is 0( | X 1“’). Here we have of course made use of the fact that the 
{C, l)-limit coincides with the Cauchy limit when the latter exists. The formula 
can be made to represent exp (fo) on the ray arg f = ?> by turning the line of 
integration so that it becomes perpendicular to the direction argX = —p. 
If use is made of this artifice, formula (11.3.2) has the same range of power as 
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(11.3.1). The latter is of course a special case of the abstract analog of the 
classical relation between an entire function of exponential type and its so-called 
Bor el transform. 

From Theorem 10.3.3 we conclude that 


(11.3.3) exp (fa) = lim w ^ — 

CO — >00 Jlsa=l i/n 


(- 1 ) 


n+l 


l)i 


i?(vi£o; a) exp (nwf), 


where co tends to infinity in such a manner that wf stays real and positive, 
get relations of more fundamental nature using Widder^s operator 


Lm[K(X; a)] = (I ; a) 


We 


which reduces to 





by formula (5.8,3). Since Xfl(X; a) e when | X [ Theorem 10.3.4 leads 

to the following important relation 


(11.3.4) exp (fa) = lim a 

which may be rewritten in the more suggestive form 
(11^3.5) exp (fa) = lim 

fc — +00 

and this representation is valid for all complex values of f . In order to see 
this we note that 



L;,,f[f2(X; a)] = A jf exp exp (ra) dr 




; k ) exp (ra) dr 


if the integral is taken along the ray arg t = arg f as is permitted. Since 
dr/f is real positive, this is Widder’s singular integral and the conclusion of 
Theorem 10.3.4 is valid. This argument shows that one more of the clas.sical 
definitions of the exponential function extends to the abstract case: 


Theorem 11.3.2. For any element h of © we have 

(11.3.6) exp (b) = lim 

fc — >00 

Actually a direct convergence proof shows that 

(11.3.7) exp (6) = lim e + i hi 

k-*oo _ /c _J 
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is true. It turns out, however, that in operator theory the first of these defini- 
tions is preferable to the second inasmuch as the first one can be used to assign 
a meaning to exp (f7) for certain classes of unbounded operators U while the 
second is useless for this purpose. 

Suppose now that a is an element of 93 such that S(X; a) exists for X > 0 
and X II i?(X; a) II ^ 1 for such values of X. Since 7^(X; a) is holomorphic at 
infinity, Theorem 11.3.1 applies and shows that R{\) a) is the Laplace transform 
of exp (fa). The boundedness assumption shows that X^"^^ ||E^^^(X; a) || ^ 1 
for /c = 0, 1, 2, • • * and all X > 0; Hence by^Theorem 10.3.5 || exp (^a) || ^ 1 
for all ^ > 0. Further jB(X; a) is holomorphic for 9?(X) == cr > 0 and 

(11.3.8) cr\\R{(r + ^T; a) || g 1, cr > 0. 

It is clear that the (bounded) spectrum of a is located in cr ^ 0. 

11. 4, Analytical one-parameter groups of linear transformations. The 

most important instance of the preceding theory is that in which 93 == E(X), 
the space of linear bounded transformations on a complex (B)-space X to itself, 
and @ = {r(f)} is a one-parameter group of such transformations with 

(11.4.1) T(fx + f2) = T(fOT(f2), T(0) = L 

The discussion in sections 8,4, 11.2, and 11.3 leads to the following result. 

Theorem 11.4.1. If the operator T{Q G @(3£) is defined for ^ > 0 and satisfies 

(11 .4.1) for real positive values of the parameter and if || T{^) — / || -^ 0 with 
then there eocists an operator A £ ®(96) such that T{^) = exp (fA) for f > 0. 
Defining T(^) = exp (fA) for all complex f, then ® = {T(f)} is an analytical 
group. The resolvent of A is the Laplace transform of r(f), 

(11.4.2) 72(X;A)= [ T(t} dt, 

where the integral may be taken along the ray arg f == — arg X a7id the representa- 
tion is valid at least for | X | > || A ||. Further 

( 11 . 4 . 3 ) Tin = I MX; A) d\, 

r surrounding the spectrum of A in the positive sense ^ and also 

(U.4.4) 

Conversely, each element A of @(X) defines a one-yarameter ancdylical group ® = 
{exp (fyl)) and this group coincides with the family of operators defined in terms 
of the resolvent of A by formulas (11.4.3) and (11.4.4). 

CoKOLLAHY. A semi~group @ = {T(^)}, ^ > 0, has a bounded infinitesimal 
generator if and only if T{i) I in the uniform topology when ? — > 0. Such a 
semi-group can always be embedded in an analytical one-parameter group. 
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2. The Strong Case 

11.5. Further properties of the generator. We assume that 9 £ is a complex 
(B)-space, ® = {T(Q} a semi-group of linear bounded transformations on 9 £ 
to itself defined for J > 0 . We loiow that assuming T{^) to be strongly measur- 
able and II r(J) II to be bounded on each interval (e, 1 /e) is -equivalent to T{^) 
being strongly continuous for $ > 0 but does not imply that T{^) tends to a strong 
limit when ^ 0 or that || T(f) || is bounded on ( 0 , 1 ) . Thus additional assump- 

tions are needed if a simple theory is desired. Such conditions are listed in 
Theorem 9.4.1 or, what is equivalent, we may impose the single assumption: 

Co . T({) converges strongly but not uniformly to I when ^ ^ 0 . 

We exclude the possibility of T(f) tending uniformly to I as this case was 
taken care of in the preceding paragraph. We Imow that the assumption Co 
implies that T'(j) is strongly continuous for ? > 0. Further 1| r(?) jj is bounded 
in every finite interval ( 0 , co). The infinitesimal generator A of © is now an 
unbounded transformation which is closed by Theorem 9.6.3. Its domain of 
definition 2)[A] is dense in X and so is 3)[A”] for every positive integral n by 
Theorem 9.5.4. We shall now prove a sharper result: 

Theorem 11. 5.1. n„®[A"] is dense in 3£. 


Proof. We use a construction due to I. Gelfand for the case of one-param- 
eter groups. Let be the class of all numerical functions K{t) with the 
following properties: 

(i) Kir) has derivatives of all orders in (0, oo); 

(ii) 0 when r 0 , n = 0 , 1 , 2 , • • • ; 

(hi) for every 7 ^ 0 andn ^ 0, 6 L(0, oo). 

We consider the set 96[,f ] of all elements y of the form 


(11.5.1) 


y = / K{r) T{r)x dr, 
Jo 


a; 6 X. 


Since || T{t)x || S for some finite M and 7 , we see that the integral exists. 

A,y = l f K(r)mT + v)- T{t)]x dr 
V Jo 

= f - [K{r Kir)]T{r)x dr- - T K(.r)Tir)x dr 

V rj Jq 



K'{r)nr)x dr 


when 7j 0, 


since the difference quotient convei'ges in the mean to Jf^(r) while the second 
term in the third member tends to 0 by (ii) . Repeating the argument we see 
that A'^y exists for each n and 


= (-1)" f I&\r)nr)x dr. 
Jo 


(11.5.2) 
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We want to show that is dense in 9£. The converse assumption implies 
the existence of a bounded linear functional x* { 9 ^ 6 ) such that == 0. 

Among the functions JC(t) in S we note exp ( — /cr^ — l/r). It follows then 
that 

f e'-^^'e~''V[T(T)x] dr = 0 
Jo 

for all a; 6 X and /i* = 1, 2, 3, • * • . By Lerch’s theorem this implies that 
x'^[T{t)x] ^ 0, r > 0. Since TiT)x — > x when r 0 and x* is continuous, this 
gives x*[x] = 0 for all x so that has to be the zero functional. This contradiction 
shows that is dense in X. But X[^?] C (1^ ©[A’'] so the theorem is proved. 

If 2/ € X[,S?], then T{^)y has derivatives of all orders with respect to ^ This 
does not imply that T{^)y is analytic in however. The method used by 
Gelfand in the group case in order to bridge the gap from indefinite differenti- 
ability to analyticity does not seem to work for semi-groups. In the group 
case the set of elements y such that T{^)y is an analytic function of 5 is dense 
in X; we do not know if this is true also for continuous semi-groups. 

11.6. The resolvent. Following the prescript of section 11.2 we form the 
integral 

(11.6.1) Ri\-, A)x = [ 

Jo 

and prove 

Theorem 11.6.1. Let 

(11.6.2) a = lim i log || T(co) 1|. 

(i) “*00 ^ 

Then (11.6.1) converges for 9t(X) > a regardless 0 / x € X. For each such X the 
integral defines a linear hounded transformation on X to itself with the following 
properties : 

(1) (XI — A)R{\; A)x = X for each ic G X, jR(X; A) (XI -- A)x = x for each 
X e S)[A]; 

(2) for fixed X the range of i2(X; A) is dense in X; 

(3) B(X; A)x = 6 for a fixed X implies x = 6 , 

Proof. The abscissa of absolute convergence of (11.6.1) is given by 
aa(x) == lim sup i log || T{o))x || ^ a, 

Cl) —♦■00 0 ) 

which proves the first assertion. It is not true in general that Xaix) = a for all a;; 
even the relation supi[a|i«.i cro(:r) = a is in doubt. An any rate, the integral 
defines a holomorphic function of X in the half-plane 9i(X) > a regardless of x. 
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If is any jfixed number, ^ > a, we can find an M = M(/3) such that || T(^) || g 
for f ^ 0. It follows that 

II R(\; A)a: i| g A/[3i(X) - II ^ ||, 9?(X) > /3. 

Thus the integral defines a linear bounded transformation on X to itself for 
3?(X) > a and the norm is uniformly bounded with respect to X for 5K(X) ^ 
a + €. 

We show next that R{\]A)x G T)[A] for all x if 9{(X) > a. Indeed 
A,R(\- A)x= - I 

V *^0 

= - (e'’ - 1) r e-^^T{^)x d^-- r e-^^mx dk 

V 7J JQ 

Xfi(X; A)x — X 

when 7] 0 since T(r})x x. Hence AR(\; A)x always exists and we have 

verified the first relation under (1). Next, if x € 3)[A] Theorem 9.3.2 shows 
that 

i?,(X; A)Ax = I o~^^T(mx] | [^x] d^ 

^0 Jo di 

= lim [0~''!Z\'f).T]„‘’ + X f" f^^m)x d^ 

w ->oo Jg 

= —X + X/i(X; A)x. 

This proves the second relation under (1) and shows that R(\; A) is really the 
resolvent of A as mdicated by the notation. 

It was shoAvn in section 5.14 that the resolvent of a linear closed unbounded 
transformation ■ satisfies the first resolvent eciuation. Hence 

(11.6.3) R(\-A)x - R{ix-A)x = (m - X)7f(X; d)[7i:(M; A).i:] 

for all X and n whose real parts e.xceed a. This can also be verified by direct 
computation from Ijie definition of 7?(X; A) as a Laplace integral. 

Assuming X fixed, 5K(X) > a, we consider the range of R(X; A). Tf it were 
not dense in 3-, then there would exist a linear bounded functional x*{?^ B) 
such that .r*[7iI(X; A)a:] = 0 for all ;r. From (11.6.3) one then concludes that 
a:*[if(M; A)x] = 0 for all x and all yu, 9I(yu) > a. This asserts that 

f c“'‘lr'‘[7’(|\'rl m 0 

Jo 

as a function of /i for all .t. By Lerch’s theorem, x*ir(^)xl being a continuotis 
function of J, must vanish identically for all In particular x*[x] = 0 for all .r. 
From this contradiction we conclude that (2) holds. 

Conclusion (3) is proved in a similar manner. If /?(X ; A )x = B for a particular 
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choice of X and x, then (11.6.3) shows that E(ac; A)x = 6 for aU /x, SR(/x) > o;; 
by Theorem 10.3.2 this implies T{^)x = 6 for all ^ ^ 0. In particular, x = 6. 
This completes the proof. 

Since A is unbounded, cr(A),the spectrum of .4, is an unbounded point set. 
Ihe only additional assertion that can be made is that cr(A) lies in 5K(X) ^ a. 
Actually simple examples can be adduced showing that every point of this 
half-plane may belong to <j{A) (see section 16.2). Since ©-(A) is unbounded, 
A) cannot be holomorphic at infinity and the power series in 1/X which 
represents i2(X; T) in the case of a bounded operator T has no analog in the 
present case. Nevertheless, the series exists in a certain asymptotic sense on 
certain subspaces dense in X. More precisely, we have the following 


Theorem 11.6.2. We have for every x in 

(11.6.4) limXfi(X; A)x = 

t/ 1 X 1 00 , I arg X I < Itt. If x ^ ©[A""] 

(11.6.5) R(X; A)x - E + X""i?.(X; A)AV 

If n n 5D[A”] this expansion is valid for every n. 


Proof. We have 


X7J(X; A)x — X = X 


i" 


- a;] d^. 


We shall prove that this difference tends to 6 when X co , uniformly with respect 
to X in any fixed sector | arg \ \ ^ cp < iir. To any given e > 0, we can find 
a 5 = 5(€, x) such that || T{^)x - x 1| ^ e, 0 g ? g 5. Further, to any > a 
we can find an M(/3) such that || T{^) || g f ^ 0. Putting 5R(X) = <t 

we have 


X [' - x] d £ 



^ > — ! 6 ^ e .cosec <p, 
cr 



^ AW) cosec II 


if 0 - ^ 2|S. These estimates prove the first assertion. 

If a: e ®[A”] the second relation under (1) in Theorem 11.6.1 gives 

R{\-, A)A'^x = i {A’^x + fi(X; A: = 0, 1, • ■ • , w - 1. 

Successive substitution gives (11.6.5). In partiular, if a; € ©[A"] then 

(11.6.5) holds for all n. We recall that this point set is dense in 9£. 

Since limx_„>J?(X; A)A”.r = A^a: by (11.6.4) we have the follovfing 
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Theorem 11.6.3. J/a; 6 n„ 2)^1"] and 9{(X) > a, ilien 

DO 

(11.6.6) R(\; A)x ~ Z) 

n=0 

the series being asymptotic to R[\\ A)x in the sense of Poincar^, that is, for every n 

(11.6.7) lim X”+’[i2(X;^)x - S A‘xX""“'] = A\ 

X -+00 /c =-0 


where the limit exists uniformly with respect to X in any fixed sector \ arg X | ^ 
(p < Itt. 


11.7. Inversion of the resolvent. We now proceed to the problem of ex- 
pressing the semi-group operator T{^) in terms of the resolvent R{\; A) of the 
generating transformation when T(^) is continuous in the strong sense. There 
is no analog of Theorem 11.3.1 in this case, but we can apply all the methods 
developed in section 10.3. Theorem 10.3.1 gives the following result: 

Theoeem 11,7.1. For every a; G S, J ^ 0, and y > max (0, a) 

(11.7.1) r(r)xdr = lim i^Ri\-,A)x~, 

JQ (J— *00 w 7— ltd X 

the limit existing uniformly with respect to ^ in any finite interval. For every 
X 6 ©[A], ^ > 0, we have 

1 ry+iu 

(11.7.2) Ti^)x = lim / e^^R(\; A)x dX, 

the limit existing uniformly with respect to g in any interval (e, 1/f). For $ = 0 
the limit is 

Proof. Ir applying the results of section 10.3 to the present case, we set 
gi^) = T{^)x, aiQ = /o T{t)x dr. The former is a continuous, the latter an 
absolutely continuous function of f. Formula (11.7.1) is then an immediate 
application of Theorem 10.3.1. For the second assertion we use formula (9.0.3) 
according to which 

f ^ Tir)Ax dr = r(?)x - x, 

Jo 


together with the relation 

jB(X; A)Ax == X/2(X; A)x — x. 
Substitution in (11.7.1) gives 


T{i)x - X = lim e’'^R(X; A)x dX - x lim 

u-txXmJy-iu 


dX 
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The second limit is a; if ^ > 0 but if $ = 0 and the limit exists uniformly with 
respect to ^ in (e, 1/ e). This completes the proof. 

As an immediate consequence of Theorem 10.3.2 we obtain 

Theorem 11.7.2. For every x ^ k > 0, andy > max (0, a) 

1 /•T'+iw 

(11.7.3) T(^)x = — . (C, 1) - A)x d\, 

/uTTt J 'y—i»Q 

the limit existing uniformly with respect to ^ in every interval {e, 1/e). For ^ = 0 
the limit equals ^x. 

Before leaving the complex inversion formulas we shall derive the duals of 
Theorems 11.6.2 and 11.6.3, The first is a form of Taylor's theorem with re- 
mainder. 

Theorem 11.7.3. If x ^ and ? > 0 

(11.7.4) r(^)x = 2 + v - y. - f (? - r)"-Y(r)A’*a: dr. . 

k=^o k ! {n — 1)[ Jq . • . 

Puoor. We obtain this expansion by substituting (11.6.5) into ..(11.7,2). 
Formula (10.3.9) takes care of the remainder term and shows that 

r 1 r*" dx ...... 

hm — / e^Bi\-,A)Ax — 

CO —>00 JuTTZ V y — ico A 

A more direct and elementary proof is obtained by repeated integration by 
parts in the formula 

T(^)x -- X = [ T{t)Ax dr 

Jo 

observing that 

Airm = r(^)A’‘x. 

The dual of Theorem 11.6.3 reads as follows: 

Theorem 11.7.4. If x ^ fin ®[A”] and ^ > 0, then 

n «0 n\ 


(11.7.5) 
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the series being asymptotic in the sense of Poincari to T{^)x on the positive reed 
axis, that is, for every n 

(11.7.6) lim r” r = -i, A”x. 

The verification of 

lim nC t (I - r)”"‘ T(t)A’‘x dr = A” X 
is left to the reader. 

Theorem 11.7.5. For every x ^ 21 and f > 0 


r(^)rc = lim 

Lf \c / . 


X, 


X. 


(11.7.7) 

an alternate form of which is 

(11.7.8) r(f)^ = limf/ -|^ 

k-*oo L h ^ 

The limits exist uniformly with respect to ^ in every interval of the form {e, l/e). 
Proof. As in the case of (11.3.4) we find that 
L*,£[fi(X;4)a;] = 


")A+I 


and by Theorem 10.3.4 this expression tends to T(^)x when /c —> oo uniformly 
with respect to f in (e, 1/c). The lowering of the exponent from k + 1 to k 
requires an estimate of the operators involved. We have 


A)i/ 


[X12(X; A)]'‘y = 


(/c - 1)! 


n [ dr 


(/c - 1) ! Jo 

In view of the estimate |1 T{^) |1 ^ M(0)e^^ we get for X > (3 


II [X/i!(X; 4)1^711 




^/(^)||?/ll 


and for k > 2/3^ 
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It follows that 




X — 





E 




and this tends to 0 when k oo . This completes the proof. 

Formula (11.7.8) is the analog of (11.3.6) in the strong case. On the other 
hand, it would be very difl&cult to generalize (11.3.7) to the strong case. It 
seems likely that in general 


lim 

k-*cc 


I + lA 


X 


does not exist even if rr is restricted to belong to fin 


1L8. Extensions. The preceding theory has been derived under the assump- 
tion that condition Co holds. Its validity is not restricted to this case, however. 
A minimal set of conditions is: 

M. For every x 

(i) T{^x is measurable /or J > 0; 

(ii) II T{l^x II is iniegraUe in (0, 1); 

(hi) lim,,-^o Jo T{r)x dr = x. 

The integral defining E(X; A)x has a sense if and only if the first two con- 
ditions hold. M(iii) implies that conclusion (1) under Theorem 11.6.1 holds 
and it is also necessary for the validity of the first part of this conclusion as is 
seen from the proof. M(iii) further implies that elements of the foim 
Ji T{t)x dr belong to S)[A] and that the latter is dense in 9£. Since Ti^x is 
a continuous function of { for x G ®[A], conclusion (2) 'under Theorem 11.6.1 
still holds. Indeed, the proof of (2) now shows that x*(x) = 0 for all x 6 ®[A] 
and hence for all x. In the proof of (3) we use a preliminary integration by 
parts to show that Jo T{r)xdr = d and hence that x ^ $ hj M(iii). Thus 
Theorem 11.6.1 holds under the new assumptions. 

Similarly M(iii) suffices for the validity of (11.6.4) so that Theorems 11.6.2 
and 11.6.3 are also true. Of the inversion theorems, 11.7.1, 11.7.3, and 11.7.4 
are completely unaffected by the change in hypotheses. Theorems 11.7.2 
and 11.7.5 have to be modified to the extent that the limits in question now 
hold almost everywhere. 

11.9. The exponential formulas. It has been emphasized in several places 
in these Lectures that the semi-group operator T{^) is an exponential function, 
T{^) == exp (^A), of its infinitesimal generator A. In the unifoim case, the 
interpretation is straight forward 

00 

n=o ri I 

the generator being bounded, and the series converges in the unifoim topology 
of @(X). In the strong case, A is an unbounded operator and the definition of 
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the exponential function is less direct. We collect here the nine exponential 
formulas proved so far which serve as justification of our use of the symbol 
exp (JA) X for T{^)x. They are formulas (9.3.10) = (9.3.15), (9.4.1) with J ^ I, 
and seven of the formulas of section 11.7. Unless otherwise stated, x is an 
arbitrary element of 2c. In general the limit relations hold uniformly with 
respect to f in any interval of the form (e, l/e); in the case of (Ei) the interval 
is («, a + 1/e), in (E2) and (E5) it is (0, 1/e) instead. 

(El) m)x = lim i: A:T(cc)x, a ^ 0; 

7J-^0 71st=0 7% I 


(E 2 ) Ti^)x = lim expf^4,] x; 

r]->Q 


(E3) 

(EO 

(Es) 

(Es) 

(E?) 

(Es) 

(E,) 


n>-l yk 1 

T(^)x = L ^ ^ ^ . _ jji I a 


r)”-'!r(T)A” 


limr" 

f-o 


mz 


n—l yk I 1 

k -0 kl J nl 


X dr, x€ S)[-A"]; 

n = 1, 2, 3, • • • , 

a:€ n„®U"]; 


f Tir)x dr = lim A A)x ~ ; 

•fQ w--*oo ^TTl/ *f y — iw A 

■t 

T(^)x = lim — / e^* J?(X; A)x d\, 

u ^TTt J y—iu 

1 

Ti^)x = ± (C, D- / e'^ECX; A)x rfX; 

i&Trt V y~.too 



a:6SD[A]; 


Other exponential formulas will be encountered later, in particular in con- 
nection Avith analytical semi-groups. 

'The formulas listed above separate into several distinct groups according to 
the device used in defining the exponential function. We shall encounter some 
of these devices in a more general setting in Chapter XV, and we shall postpone 
the analysis of the underlying principles until that chapter. 


CHAPTER XII 

GENERATION OF SEMI-GROUPS 

12.1. Orientation. We come now to the converse problem of the theory: 

What properties should an operator U possess in order that it he the infinitesimal 
generator of a continuous semi-group © = { T(Q } , ^ > 0, of linear hounded' opera- 
tors on a complex (B) -space to itself? 

Here the expected type of continuity must be specified. If we require that 
r(?) tend uniformly to I when ^ 0, then the solution of the problem is trivial: 

U must he a linear bounded operator and every such operator generates an analytical 
group. There are, however, two interpretations of the continuity requirement 
which lead to worth while problems. 

Co . T{^) tends strongly hut not uniformly to I when ? 0. 

Cu . Co holds hut jT® is uniformly continuous for ^ > 0. 

We shall obtain sufficient conditions on the spectrum and the resolvent of 
U in order that the proposed problem have a solution satisfying Co or Cu . 
The method consists in showing that, under proper conditions, R{\; U) is the 
Laplace transform of a one-parameter operator T{^) having the semi-group 
property. All three methods used below lead to semi-groups with rather special 
properties; the conditions imposed on the resolvent are somewhat arbitrary 
and only in one case can we assert that they are necessary for the desired result. 
Case Cu serves as a transition to analytical semi-groups discussed in the next 
chapter. ... 

There are two paragraphs corresponding to the two problems indicated. 
There is no literature on this question. 


1. Geneeation of a Steongly Continuous Semi-geoup 

12.2. R(\; J7) as a Laplace transform. In order to obtain an idea of what 
conditions should be imposed on the operator U, we review the available informa- 
tion concerning the resolvent of the infinitesimal generator of a semi-group 
© = { Ti ^) } satisfying condition Co . 

This condition implies that T(S is strongly continuous for ^ > 0; its infinitesi- 
mal generator A is a closed unbounded operator whose domain ®[A] is dense 
in 36 and the resolvent R{X; A) is the Laplace transform of T(^) 

Ri\-,A)x= f e'^^T(^)xd^, 

Jo 
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X = cr -j- ir. 
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There are two properties of the resolvent which are of special interest to us: 
the half-plane in which JS(X; A) is holomorphic and the behavior of R(\] A) 
for large values of |X |. The first property is under our control; replacing 
by changes A into A — al and shifts the spectrum to the left by 

the amount a. Without restricting the generality we may then assume that the 
spectmm of A is located in the left half -plane, o- ^ 0. The behavior of i?(X; A) 
for large values of | X | is regulated by the behavior of T{^) for small values of 
Now condition Co implies that || || is bounded for small but it does not 

imply that || T(^) || — » 1 when ^ 0. In a number of cases of interest to the 

applications, the latter condition holds, however, and even in the stronger form 

(12.2.1) II r(?) II ^ 1 + 0 g 0 < f < 1. 

As is easily verified, this condition implies that 

II R(<r + ir; A) II g - + i (^ + 6), ^ > c(e). 

a 

After this orientation we proceed to state 

Theorem 12.2.1. Lei U he a closed^ linear, imhoimded operator cm to itself 
whose domain is dense in I. Let the spectrum, of U he located in 9i(X) = o* ^ 0 
and suppose that 

(12.2.2) II Kia + ir; 60 II g - + 4 , ^ > 0, 

a tr- 

where 0 is a fixed constant, 0^0. Then U is the infinitesimal generator of a semi- 
group © = (r(^)}, ? > 0; 7'(?) satisfies cojiditkm Co and || T{^) || g for all 
I > 0. Further 



The proof of this theorem will be given in a number of steps which wo formu- 
late as lemmas and intermediary theorems. We start by observing that for 
each fixed X with a- > 0 the whole space Sf is the domain of R(X- U) and the 
range of \I — U, while ©[U] is the domain of X/ — U and the range of S(X; U). 

Lemma 12.2.1. is dense in X for all n. 

Proof. We need only the case n = 2 which is proved as follows. For any 
fixed X with 0 - > 0 the linear bounded operator R(X; U) maps onto iD[r/] which 
is dense in X. It will then map the subset ®[17] onto a subset ®2 which is dense 
in Ti[U] and hence in X. Every element of Ss , being of the form U)y, 
belongs to ©[C/^] so the latter set is dense in 36. 

The next three theorems serve to prove that 7i;(X; U) is a I^aplace transform. 
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Theohem 12.2.2. If y > 0, ^ > 0, and x £ 'S}[U\ then 

(12.2.3) riOx = lim 7?(X; U)x d\ 

6) —>00 "'TTi' Jy — icii 

defines a linear hounded transformation on jD[?7^] to X. T{!f}x is continuous far 
§ ^ 0 and 

(12.2.4) R{\] U)x = r e-^^ m)x d^, x € ®[C/1. 

Jo 

Pboof. For x £ jD[C/“] we have 

(12.2.5) i?(X; U)x = ^x + ^^Ux + I Ri\-, U) U^x. 

Substitution in (12.2.3) gives 

1 ^7-1-200 

(12.2.6) mx = x+kUx+^. 7?(X ; (/) t/' * ^ , 

JiTTl/ J y—ioo A 


where the integral converges absolutely for | ^ 0. It also converges uniformly 
with respect to ? in every finite interval [0, to] whence it follows that T{^)x is 
a continuous function of ^ The norm of the integral is dominated by 



as is shown by (12.2.2). Here we may take 7 = 2/^ when ? > 0, obtaining 

II li g II a: II + I II (7a; II + ^^(1 + m) II 11- 

Thus if we renorm SI[t/^], taking 

II a; 111 = II a; II + 11 Ha; 11 + II (7\ II 

as ihe new norm, we see that T(.& defines a bounded linear' transformation on 
®[H^] to 3e. Since T{^) is continuous and bounded in the manner indicated, 
the integral in (12.2.4) is absolutely convergent for <r > 0. For cr > 7 we may 
substitute the expression for Ti^x in the integral, obtaining 

The double integral being absolutely convergent, we may interchange the oi’der 
of integration, obtaining 


_1 U)lfa: du 

29rf J y — ,00 X U 


i 7i!(X;l/)H“a;. 


Here the value of the integral may be found by the calculus of residues in the 
classical manner. Comparing the result with (12.2.5), we see that the proof 
is complete. 
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So far we have not used condition (12.2.2) in any essential manner. The same 
results could be proved under less restrictive assumptions on the resolvent. 
The condition will be used fully in the next theorem, however. Putting 


(12.2.7) 





we shall prove 

Theorem 12.2.3. For all^ > 0 and allx^H 


( 12 . 2 . 8 ) 


lim Tk{’^)x 

fc-^-oO 


exists and coincides with T{^)x when x 6 

Proof. Since R ( k ] U)x is the Laplace transform of T{^)x when x € 
Theorem 11.7.5 applies and shows that the limit in (12.2.8) exists and equals 
T{i)x for x 6 S)[?7^] and ^ > 0. It should be noted that in applying Theorem 
11.7.5 we need to know only that J?(X; U)x is the Laplace transform of the con- 
tinuous function T{^)x and that 22(X; ?7) is a resolvent. The result can also 
be obtained directly from Theorem 10.3.4. 

Next we note that condition (12.2.2) gives 


(12.2.9) 


Tkii) II g 


1 + 


< 

/cj ■” 




for all k and ^ > 0. Further S)[I7^] is dense in X; hence by Theorem 2.12.1 
(the Banach-Steinhaus theorem) the limit in (12.2.8) exists for all x ^ H, This 
completes the proof, 

We now define T{^x for all x as the limit in (12,2.8) and note that 
(12.2.10) II m) II g ^ >0. 


Theorem 12.2.4. T{^) is strongly measurable and (12.2.4) holds for all x ^ H, 

(T > p. 

Proof. T{^)x is the limit of Tk{^)x, that is, of a sequence of continuous 
functions of it follows that T(^)x is a measurable function of Hence the 
integral -in (12.2.4) exists for all x and defines a linear bounded transformation 
on X to itself for each fixed X with a > p since (12.2.10) holds. But this operator 
coincides with the bounded linear operator R{\; U) on the dense set so 

the operators must be identical. 


12.3, The semi-group property. In order to complete the proof of Theorem 
12.2.1 we have to show that the operator T(^) defined by (12.2.8) is strongly 
continuous and has the semi-group property. Once this has been accomplished, 
formula (12.2.4) shows that U is the infinitesimal generator of T(^), 
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Theorem 12.3.1. T{^) is strongly continuous for ? > 0. 

Proof. This follows from the fact that (i) T(^)x is continuous • when x 6 
which is dense in X, and (ii) formula (12.2.10) holds. The details are 
left to the reader. 

Theorem 12.3.2. T(J) tends strongly to I when ^ ^ 0. 

Proof. This follows from the Banach-Steinhaus theorem since lim^^o T(^)x = x 
for x in the dense set ®[!7^] and (12.2.10) holds. 

Theorem 12.3.3. For f > 0, a; 6 X, and n = 0, 1, 2, • • • 

(12.3.1) m)x = in + 1) m - v)Tiv)x dv- 

Jo 

Proof. This relation is a consequence of the identity 

(12.3.2) U)x = -(n + 1)S(X; (7)[B'”’(X; U)x] 

which is obtained from formula (5,8.3). Here we substitute the representa- 
tions by Laplace integrals, obtaining 

jf" f tX^)x = (n + 1) jf r(iA)a: #| d<i> 

= (n + 1) If m - v)Tiv)x dl 

The last step is proved by the same type of argument as used in the proof of 
Theorem 10.2.4. It is an easy matter to prove that 

- v)T(v)xdv 
Jo 

is a continuous function of ? since T{^)x has this property. By the uniqueness 
theorem for Laplace integrals, Theorem 10.2.3, we conclude that (12.3.1) holds. 
We can now prove the final step: 

Theorem 12.3.4. r(?) has the semi-group property and U is the infinitesimal 
generator of T'(^). 

Proof. If x* is any bounded linear functional on 3c, then formula (12.3.1) 
implies that 

V^xnmx - T(s - v)TMx] dv = 0, = 0 , 1 , 2 , . . * . 

Jo 

But here a:*[*] is a continuous numerical function of rj in the interval (0, ?) 
and if such a function is orthogonal to all powers of 17, then it must be identically 
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zero. From • ] == 0 for all x*, we conclude that 

mx - m - v)mx 

for all 7}^ and x, 0 < ?? < ?, x C X. This proves that © = {T{^)} is a semi- 
group of linear bounded operators on S to itself. That U is the infinitesimal 
generator of © follows from (12.2.4). We have already seen that T{^) tends 
strongly to I when ^ 0; it cannot tend uniformly to I since this would make IJ 

bounded against our assumption. This completes the proof of Theorem 12.2.1. 

It should be noted that the conditions of Theorem 12.2.1 are not sufficient 
for property Cw . A counter example is provided, for instance, by the semi- 
group of right translations on C[0, co] so that T(f)[x(0] = x{t + ^). Here 
the conditions of Theorem 12.2.1 are satisfied with 13 = 0 and T(^) satisfies ('o 
but not Cm . Cf. section 16.2 for a discussion of this semi-group. 

When = 0 Theorem 12.2.1 is the best of its kind in the sense that the stated 
conditions are neeessaiy as well as sufficient for the validity of the conclusions. 
We lose the necessity when (3 > 0 ; however, if Co is satisfied and || T {^) || ^ 
for ? > 0, then a condition of form (12.2.2) with replaced by + e holds 
for large values of cr. As a matter of fact, we need (12.2.2) only for large values 
of (j provided we loiow in addition that \ \ R{cr + it ; U) \\ is bounded for a ^ 
5 > 0. Thus the sufficient conditions are very nearly necessary also for /5 > 0. 

Theorem 12.2.1 can be considered only as a partial solution of tlie problem proposed in 
section 12.1 inasmuch as the corresponding semi -group operators have norms with very 
special properties for small values of Cf. formula (12.2.1). Such a behavior of the 
norm is by no means implied by condition Co but follows from the restrictive assumption 
(12.2.2). It should be possible to carry through the argument assuming merely that 
(T II R{a 4“ it; U) II is bounded for o* > 0, but it does not seem possible to base the proof of 
Theorem 12.2.3 on this assumption. 


2. Generation of Semi-groups Uniformly Continuous for ^ > 0 

12.4. Properly dominated resolvents. We shall investigate two different 
sets of assumptions on the operator U which lead to semi-groups satisfying 
condition Cu . It is of course necessary that the resolvent i?(X; U) be holo- 
morphic in a half-plane which we may take as cr > 0. In addition we must impose 
conditions on the resolvent which are more stringent than those of Theorem 
12.2.1. We can either impose stronger restrictions on the rate of growth of 
7?(X; U) in teims of the distance of X from the spectrum or else keep the distant 
part of the spectrum away from the imaginary axis. Both devices can be manip- 
ulated so as to give the desired result. The two classes of semi-groups whicli 
may be constructed in this manner overlap but are distinct; both classes contain 
non-analytic elements. In the first case we obtain 
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Theorem 12.4,1. Let U be a closed^ linear , unbounded operator on to itself 
IV hose domain is dense in fi. Let the spectrum of U be located in a ^ 0. Suppose 
further that for a > 0 

(12A1) al II R(cr + ir; U) ||' dr ^ B. 

*/— 00 

Then U is the infinitesimal generator of a semi-group © = { T{i ) } satisfying con- 
dition Cu . T(^) need not he difi'erentiable^ much less analytic. For ^ > 0, y > 0 

ive have 

(12.4.2) ^Ta) = ^i e^^g\X;U)d\. 

Remark. Condition (12.4.1) is satisfied if, for instance, | X | || 2?(X; U) || 
is bounded for 9i(X) > 0, or more generally, if for — |t < <^> < fir we have 
p II E{pe'*-, U) II i M{4i) where M(<#>) 6 — J-r). 

Proof. Condition (12.4.1) shows that ^^(X; U) 6 (S(9£)] for every « > 0. 

By Theorem 10.4.2 

(12.4.3) lim II R{<t + fr; U) || = 0, o- > 0. 

|r|-.oo 

It follows from (12.4.1) that the integral in (12.4.2) e.xists for every real ? and 
by ( 12 . 4 . 3 ) the value of the integral is independent of 7 as long as 7 > 0 . More- 
over the integral converges uniformly with respect to f in every finite interval 
so that its value which for ^ > 0 is denoted by ?r(|) is a continuous function of 
For ^ < 0 the value of the integral is d, as we see by letting 7 - 4 . 00 , and by 
continuity the same is trae for ? = 0. Adding the integrals for ? and we 
got the alternate represenfation 

1 1 Y 7+ico 

(12.4.4) r(?) =~. . sinh (X?) R-(X; U) dX, I > 0. 

^ ttZ V 7—100 

Using (12.4.1) and choosing 7 = 1/? we obtain the estimate 

(12.4.5) \\Ti^)\\^^B. 

Thus T(^) is an element of (g(X) and |i T(?) || is uniformly bounded. 

We observe next that if 

(12.4.6) T(?;w) = ^. / e BiX; U) dX 
then 

(12.4.7) lim 3'(|;«) = T(?). 

to — »5C 

This is shown by an integration by parts in (12.4.6) using (12.4.3) and7f'(X; U) = 
- 22^(X; U). Thus formula (12.4.2) is simply another variant of the complex 
inversion formula for Laplace integrals. 
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We shall now verify that T{i) has the semi-group property. We form 

mom,) = i U)R%-, U) d\ du., 

taking the integrals along 9^(X) = 71 ? = 72 where 0 < 71 < 72 . The 

double integral is clearly absolutely convergent. Repeated use of the first 
resolvent equation gives 

Ri\,U)R{i^,U) - + (r=7?- 

Thus r(? 2 ) becomes the sum of three absolutely convergent double integrals. 
In the first one we integrate first with respect to m and then with respect to X, 
obtaining 

± 1 /■ e^f>E'(X;i7)<f^. f Tr -^ l d\ 

^1^2 27r^ J \2Tn J (X — /x)y 


= i ^. / U) d\ = mi + &). 


In the third integral integration with respect to X gives zero so this term drops 
out. The second integral is the limit when w — » oo of 


J_ 1 

^1^2 (27rf)2 


pyi+toJ /* Ta+i'o 

»'72~too 




RCK; U) 
(X - m)’ 


dfj. d\ 


r T2+^« r 71+^ 

J yn—iu «/«Vf— IOC 


’72+^« /* 7l+i®0 p/",,. rA 


(X - iu)=’ 


Carrying out the integrations over the infinite intervafs, one gets 

-| i C/) dX = -| Tfe + I2 ; «) 

and this expression tends to + { 2 ) when co 00 by (12.4.7). Com- 

bining the values of the three integrals, we get the required relation 


T(a + «2) - 


Another lengthy computation is required to verify the formula 
(12.4.8) f?(X; U) = r e-^^m) d^, 5n(X) > 0. 

JO 

The integral exists since T(^) is continuous and satisfies (12.4.5). In order to 
compute the value of the integral we assume 9i(X) >7 and substitute the ex- 
pression in (12.4.4) for T(0- By a permissible change of the order of integra- 
tion we get 
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Here the integral with respect to ^ can be evaluated by differentiating with respect 
to fx, observing that the integral should vanish for m == 0. The value is found 
to be 


flog 


X + /X 

X - ix' 


where the logarithm is supposed to be real when X and /x are real, jx < X. 
iterated integral consequently equals 

ZirZ V y—ioo A. IX 


The 


An integration by parts reduces this to 


2Tri 


A-y-j-iOO P 

KCm; U) - 

*' 7—100 


+ 




dll = R(\', If). 


Here we have used the fact that the integrated part vanishes in the limits by 
(12.4.3) since the logarithmic factor stays bounded. Further, 2i(X; U) as an 
element of IhW, @(X)] is represented by its proper Cauchy integral while the 
integral involving the kernel (X + nT^ equals 6 as is seen by letting 7 . 

This completes the proof of formula (12.4.8). 

The final steps are easy to take. We have to verify that T{Q satisfies condi- 
tion Co and that U really is the infinitesimal generator of r({). As in the proof 
of Theorem 12.2.2 we have 

m)x = z ^ ^Ux + 0{t), a; 6 T)[17"]. 

From this we see first that lim{_o T{^)x = x for all x in the dense set T)[C/^]; 
since |1 Td) H is uniformly bounded for | > 0, the Banach-Steinhaus theorem 
applies and shows that lim{_o Ti^)x = x for all x in 3£. Thus condition Cu holds. 
The formula also shows that U is the infinitesimal generator of r(?). 

An example of a trigonometric semi-group on I/2(— ir, ir) which satisfies the 
conditions of Theorem 12.4.1 is given by 


(12.4.9) T{^)[x(t)] = X exp [-^{n + i sgn (n) e"‘)] 

—00 


where a:„ is the nth Fourier coefficient of a:(i) € v). A simple considera- 

tion shows that the infinitesimal generator A as well as AT{^) = T'{^) are 
unbounded operators on — t, ir). From the second fact it follows that 
T'(^) does not have a derivative in Li even in the weak sense. This completes 
the proof of the theorem. 


12.5. Domains of type Cu . For the second method we impose sharper restric- 
tions on the spectrum of U; the resolvent set shall contain essentially more than 
a hah-plane without being allowed to contain a sector of opening greater than ir. 
The exact limitation is given in 
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Definition 12.5.1. A simply-connected dojnain A of the complex X-plane 
(X = O' + ir) is said to be of type Cu if 

(i) it contains the positive real axis; 

(ii) the boundary of A is a curve V: a = — where xfir) is a non-negative 
continuous function of r which never decreases when \ r | increases; 

(iii) \p{ 0 ) = 0, i/'(r) 00 when | r | ^ co but '^{r)/T — > 0; 

(iv) is equivalent to a bounded function and ^ 0 when | r | — > oo ; 

(v) /!!ooexp [— dr exists for ? > 0. 

Here condition (v) is satisfied if, for instance, iA(T)[loft’| r | J~' — » oo when 
I T I CO . We shall now prove 

Theokem 12.5.1. Let U be a closed, linear, unbounded operator on X to itself 
whose domain is dense in X. Let the resolvent set of U contain a domain \ of 
type Cm . Let 

(12.5,1) d(X) ||/f(X; fO II ^ M 

for all X in A where 5(X) is the distance from X to the boundary F of A. Then U 
is the infinitesimal generator of a semi-group © = { T{i) }, ^ > 0, such that T{^) 
satisfies condition Gu • T(f) has derivatives of all orders but need not be an analytic 
function of T{^) is given by formula (12.5.2) below. 


Pkoof. Let T(G, be defined by (12,4.6). Since (12,5.1) implies 
cr II R{(r + ir; f/) || ^ M for o' > 0, the argument used in section 12.2 shows that 
lim^_ooP(f ; co).T = T{^)x exists when x 6 5)[[/“]. If we can show the existence 
of lima,_oo in the uniform topology, then the limit must be an e.xtension 

of T{^) from S[{7^] to all of X. Furthermore, the argument used in section 12.3 
shows that T{^) is a semi-group operator generated by U and that T(?) satisfies 
Co . To accomplish the proof we have then merely to show the existence of 
limw->co T(f ; o^) = T{0 in the uniform sense and to prove that T'(^) has uniform 
derivatives of all orders. Condition C^ then follows. 

For this purpose we consider the integral 


and let o) 


27ri 


f liix- U) dx = e 


CO. Here Tfo)) is the closed contour A BCD A where 


A — 7 -f- ^a^, + fo), C ~ — o)) — io), D — 7 — fed. 

BC is an arc of the curve Ih : cr = —iHr), a small arc containing the origin 
being replaced by a circular arc in A; 7 exceeds the radius of this circle, and the 
other portions of ri(co) are straight line segments. The integral along DA equals 
r(?;co).^ 

The distance 5(X) from a point X == —1^(0 ir on Fi to F exceeds CV(t) 
by virtue of (iv), C being a fixed constant. It follows that the horizontal 
portions of the path give contributions to the integral the noims of which 
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do not exceed a constant multiple of 




>/'(&)) 


jii 


and this tends to zero when ^ . The integral along CB tends to 

f exp [?( — -|i/'(r) + It)] R[-1'P{t) + if, r/J [i — Wi'r)] dr, 

juTtl J— 00 


with an obvious redefinition of ^p{r) for small values of r on the circular arc. 
This integral is absolutely convergent by (v) since its noi'm is dominated by a 
consiiant multiple of 



It follows that r($; w) has a limit in the uniform topology and T{^) may be 
represented by the absolutely convergent integral 

(12.5.2) Tii) = f U)d\. 

This integral converges uniformly with respect to ? in every interval (e, l/e), 
e > 0, whence it follows that T{i) is continuous also in the uniform topology 
for I > 0. Moreover, we may differentiate with respect to ^ under the sign of 
integration as often as we please so that 

7’W(^) = 1, f U)d\. 

2Tr% i/T] 


To see that this integral is also absolutely convergent we note that its norm is 
dominated by a constant multiple of 



dr ^ 



J 

2)1 + 2 



dr 


where M(7}) = maxr | r | exp is finite since 


/ exp [ — r}x[y(T)\ dr > ~ exp 

and the left side tends to zero when a co . A similar estimate holds for nega- 
tive values of a. 

Finally we have to exhibit an operator U satisfying the conditions of Theorem 
12.5.1 such that the corresponding semi-group operator is non-analytic. We 
take X = L 2 (’- 7 r, tt) with the usual metric and define T{^) by 

T(^)[x(t)] = X) ^ I + ^’ sgn 
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where the a;„’s are the Fourier coefficients of x{t). The generator of this semi- 
group is the unbounded transformation A : 

00 

(12.5.3) A[a;(0] — Z) (| ^ I + ^' sgn {n)n)xne'''^ 


with the resolvent 


i2(X;A)[a;(0] 


tZX + \n 


XnG 


+ isgn(n).n2 


From these expressions we read off that the spectrum of A consists of the points 
{— [|nl + tsgn(n)n^]}, n = 0, ±1, ±2, and \\ RiX] A) || equals the 
reciprocal of the distance from X to the nearest point of the spectrum. The 
resolvent set contains the domain cr > — | r |* which is clearly of type . Thus 
A satisfies the conditions of Theorem 12.5.1. The terms with positive sub- 
scripts in the series for T{^)[x(t)] define a function holomorphic in the lower 
half-plane, those with negative subscripts one which is holomorphic in the upper, 
and both functions have the real axis as natural boundary. Thus T{^) cannot 
be analytic. This completes the proof of Theorem 12.5.1. 

It should be observed, however, that the problems discussed in the present 
chapter call for further investigations with a view of obtaining necessary and 
sufficient conditions. 


CHAPTER XIII 
ANALYTICAL SEMI-GROUPS 

13.1. Orientation. The semi-groups © = which have been studied 

in the preceding chapters have been defined for real positive values of the 
parameter. The question of extending the parameter manifold and of finding 
the maxmial domain of definition of ® is a very natural one. 

The question is not well put, however, and has little sense unless we make 
clear what kind of extension is wanted. It is always possible to embed the 
given semi-group @ into a semi-group ©o = {TU(f)} defined for 9?(f) >0 such 
that W{^) = r(J), ^ > 0. We may define, for instance, * 

wii + iv) = 

where ^ is an arbitrary complex number. Thus an extension of T(^) from the 
positive real axis to the right half-plane preserving the semi-group property is 
always possible and is never unique. 

On tlie other hand, we may raise the question if the given semi-group operator 
T(^) admits of an analytic extension to a part of the complex plane and what 
properties such an extension may possess. Such an extension ordinarily does 
not exist; when it exists, it is unique and the extension has the semi-group 
property wherever it exists. Here it makes sense to ask what is the domain 
of existence of T(f) and \ve may refer to this domain as the maximal domain 
of definition of @. 

It turns out that if T{^) is analytic on an arbitrarily small interval (0, 5) 
of the real axis, having the origin as a limit point, then the domain of existence 
of T(f) is an angular semi-module in the sense of Chapter VII. 

We shall determine various conditions under which T{^) will admit of an 
analytic continuation to an angular semi-module Z 2 . For the case in which 
S 2 is a sector, the conditions are necessary and sufficient in order that the ex- 
tension shall exist and have a prescribed rate of growth along the rays of the 
sector. The discussion is analogous to that of Chapters XI and XIL There 
are some new features, however. The relations between the rate of growth 
of T(f) in the sector as measured by the “indicator” and the position of the 
singularities of the resolvent R(\; A), that is, the spectrum of A, are of consider- 
able interest. They are completely analogous to the corresponding relations 
in the numerically-valued case between the rate of gro^vth of a determining 
function, analytic and of exponential type in a sector, and the position of the 
singularities of its Laplace transform. These are well known, at least in the 
case in which the sector is the whole plane (see G. P61ya [2]). If r(f) is holo- 
morphic and of exponential type in a half-plane we can also use representations 
by binomial series and Laplace contour integrals to great advantage. Using 
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the latter device, we show that it is possible, under mild restrictions, to embed 
a given transformation in a semi-group which is analytic in a half-plane. 

There are three paragraphs: Domains of Analyiicity, The Structure of Analy- 
tical Semi-Groups, and Semi-Groups and Interpolation Series. 

References. Carlson [2], Hille [5, 6, 7], Norlund [2], Phragm5n and Lin- 
delof [1], Polya [2]. 


1. Domains of Analyticjty 

13.2. Analytic extension of semi-groups. Our main concern is to show 
that the semi-group property is preserved under analytic continuation and 
that the domain of analyticity of a semi-group operator is a semi-module. Idle 
following theorem is basic. 

Theorem 13.2.1. Let Z he a convex domain in the complex ^-plane, {Z)a 
additive resultant in the sense of Definition 7.5.2. Let {f„} he a countable point 
set in Z such that (i) {fn} has a limit point fo in Z, (ii) 2fo € Z, and (iii) + 
Z for j, /c = 1, 2, 3, * ’ ‘ . Let ^ be a complex (B)-space, (S(X) its {B)-algebra 
of endomorphisms. Let IP(f) be a function on com.plex numbers to (S(3£) which 
is defined and holomorphic in Z. Let 

(13.2.1) inr. + f/O = 

for all j and k. Then {Z)a is a simply-connected domain, TF(f) may be continued 
analytically all over {Z)a , and for all f' and f'' in (Z)a 

( 13 . 2 . 2 ) w(t + n = w(nw(n^ 

Proof. We recall that (Z)a is an open set since Z is open. If Zn denotes 
the image of Z under the transformation = nf where n is any positive integer, 
then each set Zn is a convex domain and {Z)a = ^inZn . By assumption (ii), 

n ^2 7 ^ 0 so that Lemma 7.5.1 shows that {Z)a is connected and consequently 
simply-connected by Theorem 7.5.2. I'he analytic continuation requires a 
more elaborate argument. 

Since 2fo G Z, we may assume, without loss of generality, that fo + Ty 6 Z 
for allj. W(f) being continuous in Z, it follows that (13.2.1) holds when,; 
or k or both are zero. 

We now consider the two functions W{^)Wia) and lP(oj)lF(f). They are 
well defined for f and a in Z and are holomorphic in each of the variables separ- 
rately. Further they are equal when f = fy , « = /c = 0, 1, 2, • •• . Now 
fix a = f j* and consider 


lF(f)W(f,) - W(f,)W(f) 
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which is a holomorphic function oi ^ m Z vanishing for f == Ta* , = 0, 1, 2, • • • . 

By Theorem 3.10.4 the difference then has to vanish identically in Z. Next 
we fix f in Z and consider the difference 

W(t)Wia) - W{a)W{^) 

which is a holomorphic function of a in Z vanishing for a = f a , /c = 0, 1, 2, 
• • • . Consequently 

(13.2.3) W{^)W(a) ^ W{a)W{^), a, r G 

The next step of the proof is the establishing of the formula 

(13.2.4) ir(r) = Wit - a)Wia) 

for all t ^nd a such that f, a, and f — o: are in Z. The right-hand side is well 
defined for a & Z, t — oi Z and is holomorphic in each variable separately. 
We can find three associated circles in Z, say 71 : | f — f 0 1 = Pi , 72 : | T To I = P2 , 
and 78 : 1 f — 2fo I = P3 with p2 = pi + ps such that if a is in 71 and t iii Tjj then 
f — o: is in 72 . Give a the value fj where j > jo is so large that ti in 
7i . Then T'F(i‘) T'F(f — ti)Witj) is holomorphic for f in 7,8 and vanishes 
for all points t = fy + tu , A* > A’o . Theorem 3 . 10.4 applies and shows tlial 

( 13 . 2 . 4 ) is true for a = tj nnd f in the convex domain Z f] Z + tj • Hgi'o + f y 
is the image of Z under the translation f We now gi'/c t fixed 

value f' in 73 and consider Wit' c^Wia) which is a holomorphic function 
of a in Z (\ t^ — Z. This domain contains the interioi* of 71 . For a — tj 1 
j > jo, the function has the constant value Wit'); by Theorem 3 . 10.4 it is 
identically equal to lT^(fO for a G Z f] t' ^ Z, Fixing a in 71 , we see that 

(13.2.4) holds for all t In 73 and hence for all f in Z H Z + cv. By analytic} 
continuation with respect to a, we see that the relation holds for all t nncl a 
such that a:, f — a are in Z, It follows that (13.2,2) holds for f', f", f' + 

in 

The final step in the proof is the extension of Wit) from Z to iZ)a . We 
start by defining Wit) in the convex domain Z 2 by 

(13.2.5) TF(f) = [m/2)f. 

Since f/2 € Z, the delinition makes sense and the function W (f) is iioloinotphic; 
in 2^2 . A simple calculation shows that (13.2.2) holds for f', f", in Zs . 

The convex domains Z and Z 2 intersect in a convex domain containing the 
point 2^0 . For f in 2 D Z2 we have [W{i/2)f = IF(f) by (13.2.4) as well as by 

(13.2.5) so the two definitions agree. Thus Wit) is now defined as a holo- 
morphic function of f in f? U Z2 and satisfies (13.2.2) for t', t" > t' + t” in this 
domain. 

We then define Wit) step by step in Z 3 ,Zi, • • ■ by 


(13.2.6) 


Wit) = [Wit/n)] 


t e 



